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Sakamoto,  Kathleen 


Introduction 

Breast  cancer  is  the  most  common  cancer  diagnosed  among  women. 
Breast  cancer  cells  often  require  activation  of  the  estrogen-specific  steroid 
hormone  receptor  by  estrogen  to  proliferate,  and  it  is  well  known  that  steroid 
hormone  receptor  signaling  plays  a  pivotal  role  in  progression  of  breast  cancer 
disease.  In  this  proposal,  we  hypothesized  that  a  completely  novel  conceptual 
approach  known  as  Protac  (Proteolysis  Targeting  Chimeric  Molecule)  will  lead  to 
the  ubiquitination  and  degradation  of  targeted  proteins.  At  one  end,  Protac 
contains  the  kBa  phosphopeptide  that  binds  the  ubiquitin  ligase  SCFp"trcp;  at 
the  other  end,  Protac  contains  the  ligand  for  ER,  estradiol.  We  previously 
demonstrated  that  Protacs  promote  the  ubiquitination  and  degradation  of  ER  and 
AR  in  vitro  and  in  vivo,  respectively. 

Body 


We  proposed  to  develop  a  bioassay  screen  for  novel  b-TRCP  ligands  based 
on  the  displacement  of  p-TRCP-bound  diphosphorylated  peptide.  The  readout  for 
the  proposed  screening  assay  will  be  fluorescence  polarization  (FP).  FP  is  based  on 
the  concept  of  molecular  movement  and  rotation.  By  using  a  fluorescent  dye  to  label 
the  diphosphorylated  peptide,  its  binding  to  p-TRCP  can  be  monitored  through  its 
speed  of  rotation.  If  the  test  compound  binds  to  the  same  site  on  p-TRCP,  as  does 
the  fluorescently  labeled  peptide,  then  the  liberated  fluorescent  peptide  will  rotate  or 
tumble  faster,  and  the  resulting  emitted  light  is  depolarized  relative  to  the  excitation 
plane.  Therefore,  the  degree  of  fluorescence  polarization  in  the  presence  of  test 
compound  indicates  the  level  of  displacement  of  the  fluorescently  labeled  peptide, 
and  thus  the  relative  strength  of  binding  to  p-TRCP.  We  had  two  aims.  For  Aim  1 ,  a 
cDNA  encoding  p-TRCP  will  be  subcloned  into  different  expression  vectors  to 
identify  a  suitable  strategy  for  expression  of  recombinant  protein.  We  will  test 
expression  of  p-TRCP  in  common  expression  systems  including  E.  coli,  Pichia 
Pastoris,  and  insect  Sf9  or  Hi5  cells.  For  Aim  2,  an18  amino  acid  diphosphorylated 
peptide  from  kBa  will  be  synthesized,  HPLC-purified,  and  coupled  via  its  amino 
terminus  to  the  activated  ester  of  the  Molecular  Probes  fluorescent  dye.  A  small 
molecule  library  of  10,000  compounds  (TimTec,  Inc.)  is  arrayed  in  a  384  well  format 
in  DMSO.  Each  compound  (lOpM  final  concentration)  will  be  tested  for  the  ability  to 
displace  the  fluorescently  labeled  peptide  from  recombinant  p-TRCP  as  measured 
in  a  Wallac  Victor2  V  fluorescence  polarization  plate  reader.  Confirmed  positive  ‘hits’ 
will  be  scrutinized  for  1)  ease  of  chemical  synthesis,  and  2)  ease  of  derivatization  to 
form  a  Protac  that  contains  estradiol.  These  new  Protacs  will  then  be  tested  for  their 
effects  on  ER  degradation  and  growth  of  breast  cancer  cells. 

Since  the  grant  was  funded,  we  have  been  generating  the  purified  p- 
TRCP.  Due  to  technical  difficulties  this  took  longer  than  expected.  We  have 
synthesized  the  IkBa  peptide  and  are  awaiting  the  coupling  to  the  fluorescent 
dye.  We  will  be  ready  to  being  the  screening  as  described  in  Aim  2  in  the  near 
future. 
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Targeted  Degradation.  J  AmerChem  Soc,  126(12);  3748-3754,  2004. 

Verma  R,  Peters  NR,  Tochtrop  G,  Sakamoto  KM,  D’Onofrio,  Varada  R,  Fushman 
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inhibit  UbiquitirvDependent  Proteolysis  by  Binding  to  the  Ubiquitin  Chain. 

Science,  306:117-120,  2004. 
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Reportable  Outcomes 

1 .  3  manuscripts  (see  above  and  appendix) 

2.  Received  a  Ph.D.  from  Caltech  in  2004. 

3.  National  Institutes  of  Health  (R21  CA1 08545),  Ubiquitination  and 
Degradation  in  Cancer  Therapy  7/1/04-6/31/06  (K.  Sakamoto,  P.l.) 

4.  DOD  Postdoctoral  Fellowship  and  Fulbright  postdoctoral  fellowship, 
Agustin  Rodriguez. 

Conclusions 

Although  our  screening  is  in  the  preliminary  stages,  our  results  suggest 
that  the  purification  of  p-TRCP  is  possible  and  provide  a  useful  reagent  to  screen 
chemical  libraries. 
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Abstract:  Genetic  loss  of  function  analysis  is  a  powerful  method  for  the  study  of  protein  function.  However, 
some  cell  biological  questions  are  difficult  to  address  using  traditional  genetic  strategies  often  due  to  the 
lack  of  appropriate  genetic  model  systems.  Here,  we  present  a  general  strategy  for  the  design  and  syntheses 
of  molecules  capable  of  inducing  the  degradation  of  selected  proteins  in  vivo  via  the  ubiquitin-proteasome 
pathway.  Western  blot  and  fluorometric  analyses  indicated  the  loss  of  two  different  targets:  green  fluorescent 
protein  (GFP)  fused  with  FK506  binding  protein  (FKBP12)  and  GFP  fused  with  the  androgen  receptor 
(AR),  after  treatment  with  PROteolysis  TArgeting  Chimeric  molecules  (PROTACS)  incorporating  a  FKBP12 
ligand  and  dihydrotestosterone,  respectively.  These  are  the  first  in  vivo  examples  of  direct  small  molecule- 
induced  recruitment  of  target  proteins  to  the  proteasome  for  degradation  upon  addition  to  cultured  cells. 
Moreover,  PROTAC-mediated  protein  degradation  offers  a  general  strategy  to  create  “chemical  knockouts,” 
thus  opening  new  possibilities  for  the  control  of  protein  function. 


Introduction 

The  selective  loss  of  critical  cellular  proteins  and  subsequent 
analysis  of  the  resulting  phenotypes  have  proven  to  be  extremely 
useful  in  genetic  studies  of  in  vivo  protein  function.  In  recent 
years,  genetically  modified  knockout  cell  lines  and  animals  have 
allowed  biological  research  to  advance  with  unprecedented 
speed.  Chemical  genetic  approaches,  using  small  molecules  to 
induce  changes  in  cell  phenotype,  are  complementary  to  tra¬ 
ditional  genetics.  Many  chemical  genetic  strategies  use  knowl¬ 
edge  gained  from  natural  product  mode  of  action  studies,1-3 
while  others  employ  chemical  inducers  of  dimerization  to  ma¬ 
nipulate  intracellular  processes.4-7  To  date,  however,  there  have 
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been  few  attempts  to  design  small  molecules  which  induce  the 
destruction  (rather  than  inhibition)  of  a  targeted  protein  in  an 
otherwise  healthy  cell.  Access  to  such  reagents  would  provide 
a  chemical  genetic  alternative  to  the  traditional  ways  of  inter¬ 
fering  with  protein  function,  resulting  in  “chemical  knockouts”. 
Importantly,  a  small  molecule  capable  of  inducing  this  process 
could  do  so  without  any  genetic  manipulation  of  the  organism, 
thus  allowing  one  to  target  proteins  that  are  not  readily  accessible 
by  traditional  genetic  means  (i.e.,  genes  essential  for  proliferation 
and  early  development). 

Protein  expression  can  be  described  as  occurring  on  three 
levels:  DNA,  RNA,  and  post-translation.  Consequently,  inter¬ 
ference  with  protein  function  may  be  approached  from  each  of 
these  levels.  Genetic  knockouts  disrupt  protein  function  at  the 
DNA  level  by  directly  inactivating  the  gene  responsible  for  a 
protein  product.  On  the  RNA  level,  removal  of  a  protein  of 
interest  may  be  accomplished  by  RNA  interference  (RNAi). 
RNAi  causes  the  degradation  of  mRNA  within  the  cell,  pre¬ 
venting  the  synthesis  of  a  protein,  and  often  resulting  in  a 
“knockdown”  or  total  knockout  of  protein  levels.  Interference 
with  gene  products  at  the  post-translational  level  would  involve 
degradation  of  the  protein  after  it  has  been  completely  expressed. 
To  date,  interference  with  proteins  on  the  post-translation  level 
is  the  least  explored. 

In  principle,  targeted  proteolytic  degradation  could  be  an 
effective  way  to  accomplish  the  removal  of  a  desired  gene 
product  at  the  post-translational  level.  Given  the  central  role  of 
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the  ubiquitin— proteasome  pathway  in  protein  degradation  within 
the  cell,8  reagents  capable  of  redirecting  the  substrate  specificity 
of  this  pathway  would  be  useful  as  experimental  tools  for 
modulating  cellular  phenotype  and  potentially  act  as  drugs  for 
inducing  the  elimination  of  disease-promoting  proteins.  We 
present  here  a  general  strategy  for  designing  molecules  capable 
of  inducing  the  proteolysis  of  a  targeted  protein  via  the  ubi¬ 
quitin— proteasome  pathway,  as  well  as  the  first  evidence  that 
such  molecules  are  effective  upon  addition  to  living  cells. 

Protein  degradation,  like  protein  synthesis,  is  an  essential  part 
of  normal  cellular  homeostasis.  As  the  major  protein  degradation 
pathway,  the  ATP-dependent  ubiquitin— proteasome  pathway 
has  been  implicated  in  the  regulation  of  cellular  processes  as 
diverse  as  cell  cycle  progression,9  antigen  presentation,10  the 
inflammatory  response,11  transcription,12  and  signal  transduc¬ 
tion.13  The  pathway  involves  two  discrete  steps:  (i)  the  specific 
tagging  of  the  protein  to  be  degraded  with  a  polyubiquitin  chain 
and  (ii)  the  subsequent  degradation  of  the  tagged  substrate  by 
the  26S  proteasome,  a  multicatalytic  protease  complex.  Ubi¬ 
quitin,  a  highly  conserved  76  amino  acid  protein,14  is  conjugated 
to  the  target  protein  by  a  three-part  process.  First,  the  C-terminal 
carboxyl  group  of  ubiquitin  is  activated  by  a  ubiquitin-activating 
enzyme  (El).  The  thioester  formed  by  attachment  of  ubiquitin 
to  the  El  enzyme  is  then  transferred  via  a  transacylation  reaction 
to  an  ubiquitin-conjugating  enzyme  (E2).  Finally,  ubiquitin  is 
transferred  to  a  lysine  (or,  less  commonly,  the  amino  terminus) 
of  the  protein  substrate  that  is  specifically  bound  by  an  ubiquitin 
ligase  (E3).15  Successive  conjugation  of  ubiquitin  to  internal 
lysines  of  previously  added  ubiquitin  molecules  leads  to  the 
formation  of  polyubiquitin  chains.16  The  resulting  polyubi- 
quitinated  target  protein  is  then  recognized  by  the  26S  protea¬ 
some,  whereupon  ubiquitin  is  cleaved  off  and  the  substrate 
protein  threaded  into  the  proteolytic  chamber  of  the  proteasome. 
Importantly,  substrate  specificity  of  the  ubiquitin— proteasome 
pathway  is  conferred  by  the  E3  ligases.  Each  E3  ligase  or 
recognition  subunit  of  a  multiprotein  E3  ligase  complex  binds 
specifically  to  a  limited  number  of  protein  targets  sharing  a 
particular  destruction  sequence.  The  destruction  sequence  may 
require  chemical  or  conformational  modification  (e.g,,  phos¬ 
phorylation)  for  recognition  by  E3  enzymes.17,18 

Recently,  we  demonstrated  a  strategy  for  inducing  the  ubi¬ 
quitination  and  ensuing  proteolytic  degradation  of  a  targeted 
protein  in  vitro.  This  approach  uses  heterobifunctional  mole¬ 
cules  known  as  PROteolysis  TArgeting  Chimeric  molecules 
(PROTACS),  which  comprise  a  ligand  for  the  target  protein,  a 
linker  moiety,  and  a  ligand  for  an  E3  ubiquitin  ligase.19  In  that 
proof  of  principle  experiment  the  degradation  of  a  stable  protein, 
methionine  aminopeptidase  2  (MetAP-2),  was  induced  in  a 
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Figure  1.  Targeted  proteolysis  using  a  PROTAGmolecule.  Ub  =  ubiquitin, 
target  =  target  protein,  E3  =  E3  ubiquitin  ligase  complex,  and  E2  =  E2 
ubiquitin  transfer  enzyme. 


cellular  lysate  upon  the  addition  of  a  PROTAC  (referred  to  as 
PROTAC-1)  consisting  of  the  known  MetAP-2  ligand,  ovalicin, 
joined  to  a  peptide  ligand  for  the  ubiquitin  ligase  complex 
SCF^Trtp.  By  bridging  MetAP-2  and  an  E3  ligase,  PROTAC-1 
initiated  the  ubiquitination  and  proteasome-mediated  degradation 
of  MetAP-2  (Figure  1).  We  have  also  recently  shown  that  an 
estradiol-based  PROTAC  (PROTAC-2)  could  promote  the 
ubiquitination  of  the  human  estrogen  receptor  (hERa)  in  vitro. 
Furthermore,  a  dihydrotestosterone  (DHT)-based  PROTAC 
(PROTAC-3),  when  microinjected  into  cells,  was  capable  of 
inducing  the  degradation  of  the  androgen  receptor.20  Encouraged 
by  our  success  with  PROTACS-1,  —2,  and  —3,  we  next  directed 
our  efforts  toward  the  design  of  molecules  capable  of  inducing 
proteolysis  simply  upon  addition  to  cells.  Additionally,  the 
design  of  new  PROTACS  takes  into  account  the  desire  to  mini¬ 
mize  the  amount  of  molecular  biological  manipulations  neces¬ 
sary  to  effect  degradation  to  perturb  the  system  as  little  as  pos¬ 
sible  outside  the  desired  degradation. 

Results 

Development  of  a  Cell  Permeable  PROTAC:  PROTAC- 

4.  For  the  design  of  PROT AC-4,  we  used  a  protein  target/ligand 
pair  developed  by  ARIAD  Pharmaceuticals.  The  F36V  mutation 
of  FK506  binding  protein  (FKBP12)  generates  a  “hole”  into 
which  the  artificial  ligand  AP21998  (1)  fits  via  a  hydrophobic 
“bump,”  thus  conferring  specificity  of  this  particular  ligand  to 
the  mutant  FKBP  over  the  wild-type  protein.21,22  Inclusion  of 
AP21998  as  one  domain  of  PROTAC-4  thus  allows  it  to  target 
(F36V)FKBP12  proteins  orthogonally,  without  disrupting  en¬ 
dogenous  FKBP12  function.  Given  the  lack  of  small-molecule 
E3  ubiquitin  ligase  ligands,  the  seven  amino  acid  sequence 
ALAPYIP  was  chosen  for  the  E3  recognition  domain.  This 
sequence  has  been  shown  to  be  the  minimum  recognition 
domain  for  the  von  Hippel-Lindau  tumor  suppressor  protein 
(VEIL),23  part  of  the  VBC— Cul2  E3  ubiquitin  ligase  complex. 
Under  normoxic  conditions,  a  proline  hydroxylase  catalyzes  the 
hydroxylation  of  hypoxia  inducible  factor  la  (HIFla)  at  P56424 

(20)  Sakamoto,  K.;  Kim,  K.  B.;  Verma,  R.;  Rasnick,  A.;  Stein,  B.;  Crews,  C. 
M.;  Deshaies,  R.  J.  Mol  Cell.  Proteomics  2003,  2,  1350—1358. 

(21)  Yang,  W.;  Roxamus,  L.  W.;  Nanila,  S.;  Rollins,  C.  T.;  Yuan,  R.;  Andrade, 
L.  J.;  Ram,  M.  K.;  Phillips,  T.  B.;  van  Schravendijk,  M.  R.;  Dalgamo,  D.; 
Clackson,  T.;  Holt,  D.  J.  Med  Chem.  2000,  43,  1135-1142. 

(22)  Rollins,  C.  T.;  Rivera,  V.  M.;  Woolfson,  D.  N.;  Keenan,  T.;  Hatada,  M.; 
Adams,  S.  E.;  Andrade,  L.  J.;  Yaeger,  D.;  van  Schravendijk,  M.  R.;  Holt, 
D.  A.;  Gilman,  M.;  Clackson,  T.  Proc.  Natl.  Acad.  Sci.  U.S.A.  2000,  97, 
7096-7101. 
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Scheme  1.  Synthesis  of  the  AP21998/HIF1  a-Based  PROTAC3 


°  (i)  H2N(CH2)5C02Bn,  EDCI,  DMAP.  (ii)  H2,  Pd/C.  (iii)  H2N(CH2)5CONH-ALAPYIP-(D-Arg)B-NH2,  PyBrOP,  DIPEA,  DMF. 


(the  central  proline  in  the  ALAPY1P  sequence),  resulting  in 
recognition  and  polyubiquitination  by  VHL.  HIFla  is  thus 
constitutively  ubiquitinated  and  degraded  under  normoxic  con¬ 
ditions.25'26  Finally,  a  poly-D-arginine  tag  was  included  on  the 
carboxy  terminus  of  the  peptide  sequence  to  confer  cell  per¬ 
meability  and  resist  nonspecific  proteolysis.  Polyarginine  se¬ 
quences  fused  to  proteins  have  been  shown  to  facilitate  trans¬ 
location  into  cells27  28  via  a  mechanism  that  mimics  that  of  the 
Antennapedia29  and  HIV  Tat  proteins.30  Because  a  molecule 
fused  to  the  polyarginine  sequence  should  in  principle  be  cell’ 
permeable,  the  necessity  of  PROTAC  microinjection  is  circum¬ 
vented.  This  design  element  also  allows  greater  flexibility  in 
the  types  of  ligands  that  could  be  used  in  future  PROTACs, 
since  polarity  of  the  compound  is  no  longer  an  issue  for 
membrane  permeability.  It  was  hypothesized  that  PROTAC-4 
would  enter  the  cell,  be  recognized  and  hydroxylated  by  a  prolyl 
hydroxylase,  and  subsequently  be  bound  by  both  the  VHL  E3 
ligase  and  the  mutant  FKBP12  target  protein.  PROT AC- 
mediated  recruitment  of  FKBP12  to  the  VBC— Cul2  E3  ligase 
complex  would  be  predicted  to  induce  FKBP12  ubiquitination 
and  degradation  as  in  Figure  1. 

The  F36V  FKBP12  ligand  AP21998  (1)  was  synthesized  as 
previously  described,21'22  as  an  approximately  1:1  mixture  of 
diastereomers  at  C9.  Treatment  of  1  with  the  benzyl  ester  of 


(23)  Hon,  W.;  Wilson,  M.  I.;  Harlos,  K.;  Claridge,  T.  D.  W.;  Schofield,  C.  J.; 
Pugh,  C.  W.;  Mazwell,  P.  H.;  Ratcliffe.  P.  J.;  Stuart,  D.  I.;  Jones,  E.  Y. 
Nature  2002,  417,  975-978. 

(24)  Epstein,  A.  C.;  Gleadle,  J.  M.;  McNeill,  L.  A.;  Heritson,  K.  S.;  O’Rourke, 
J.;  Mole,  D.  R.;  Mukherji,  M.;  Metzen,  E.;  Wilson,  M.  I.;  Dhanda,  A.; 
Tian,  Y.  M.;  Masson,  M.;  Hamilton,  D.  L.;  Jaakkola,  P.;  Barstead,  R.; 
Hodgkin,  J.;  Mazwell,  P.  H.;  Pugh,  C.  W.;  Schofield,  C.  J.;  Ratcliffe,  P.  J. 
Cell  2001,  107,  43-54. 
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E.;  Pavletich,  N.;  Chau,  V.;  Kaolin,  W.  G.  Nat.  Cell  Biol.  2000,  2,  423- 
427. 
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L.;  Rothbard,  J.  B.  Proc.  Natl.  Acad.  Sci.  U.S.A.  2000,  97,  13003-13008. 
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aminocaproic  acid  followed  by  removal  of  the  benzyl  group 
afforded  2  in  85%  crude  yield  after  two  steps.  It  is  important  to 
note  that  although  this  material  was  carried  through  as  a  mixture 
of  two  diastereomers  at  C9,  each  diastereomer  has  previously 
been  shown  to  bind  to  the  target.22  Standard  peptide  coupling 
conditions  were  used  to  label  the  peptide  sequence.  HPLC 
purification  yielded  3  (PROTAC-4)  with  1 7%  recovery  from  1 
(Scheme  1). 

To  monitor  the  abundance  of  the  targeted  protein,  a  vector 
capable  of  expressing  the  mutant  FKBP12  fused  to  enhanced 
green  fluorescent  protein  (EGFP)  was  generated.  In  this  way, 
proteolysis  of  FKJBP12  could  be  monitored  by  loss  of  intrac¬ 
ellular  fluorescence.  This  vector  was  then  used  to  generate  a 
HeLa  cell  line  stably  expressing  the  EGFP— (F36V)FKBP12. 
Bright  field  and  fluorescent  photographs  of  the  cells  were  taken 
before  and  2.5  h  after  treatment  with  PROTAC-4  (3).  As  shown 
in  Figure  2A— D,  EGFP— FKBP12  was  retained  in  those  cells 
treated  with  DMSO,  but  lost  in  cells  treated  with  25  /<M 
PROTAC-4  for  2.5  h.  Western  blot  analysis  of  cells  treated  with 
PROTAC-4  also  indicated  loss  of  EGFP— FKBP12  relative  to 
an  equal  number  of  cells  treated  with  DMSO  (Figure  21).  As  a 
control,  cells  were  treated  with  uncoupled  1  and  the  HIF- 
polyarginine  peptide  fragment  (Figure  2E,F).  These  cells  re¬ 
tained  fluorescence,  indicating  that  the  two  domains  require  a 
chemical  bond  to  each  other  to  exert  a  biological  effect.  To 
investigate  whether  VHL  was  required  for  PROTAC-4-mediated 
EGFP— FKBP 12  degradation,  the  renal  carcinoma  cell  line  786- 
O31  was  used.  786-0  cells  failed  to  produce  VHL  protein  and 
thus  lack  a  functional  VBC-Cul2  E3  ligase  complex.  786-0 
cells  stably  expressing  the  degradation  substrate  EGFP— 
FKBP  12  retained  fluorescence  despite  treatment  with  25  ,mM 
PROTAC-4  for  2.5  h  (Figure  2G,H),  confirming  that  the  E3 
ligase  is  required  for  PROTAC-4  activity.  Finally,  similar  cell 
density  and  morphology  in  bright  field  images  before  (Figure 
21)  and  after  (Figure  2J)  treatment  with  25  fiM  PROTAC-4  for 


(31)  Baba,  M.;  Hirai,  S.;  Yamada-Okabe,  H.;  Hamada,  K.:  Tabuchi,  H.; 
Kobayashi,  K.;  Kondo,  K.;  Yoshida,  M.;  Yamashita,  A.;  Kishada,  T.; 
Nakaigawa,  N.;  Nagashima,  Y.;  Kubota,  Y.;  Yao,  M.;  Ohno,  S.  Oncogene 
2003,  22,  2728-2738. 
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Figure  2.  PROTAC-4  (3)  mediates  EGFP— FKJBP  degradation  in  a  VHL- 
dependent  manner.  No  change  in  fluorescence  is  observed  before  (A)  and 
2.5  h  after  (B)  treatment  in  DMSO  control,  while  a  significant  change  is 
observed  between  before  (C)  and  2.5  h  after  (D)  treatment  with  25  ,«M  3. 
Cells  treated  with  25  /rM  1  and  25  n M  HIF-(D-Arg)s  peptide  show  no 
difference  before  (E)  and  2.5  h  after  (F)  treatment.  786-Oegfp-fkbp  cells 
do  not  lose  fluorescence  before  (G)  or  2.5  h  after  (H)  treatment  with  25 
/rM  3.  Bright  field  images  of  cells  before  (1)  and  2.5  h  after  (J)  treatment 
witli  25  /<M  1  affirm  constant  cell  density  and  morphology.  Western  blot 
analysis  (K)  with  monoclonal  anti-GFP  antibodies  confirms  loss  of  EGFP- 
FKBP  in  cells  treated  with  25  pM  3  (PROTAC-4)  for  2.5  h  compared  to 
an  equal  load  from  vehicle  (DMSO)  treated  cells. 

2.5  h  confirm  that  cells  are  capable  of  surviving  treatment  with 
a  PROTAC  molecule. 

Implementation  of  a  DHT-Based  PROTAC:  PROTAC- 

5.  To  test  the  robustness  of  this  approach  for  the  induction  of 


Scheme  2.  Synthesis  of  a  DHT/HIF1  a-Based  PROTAC 
(PROTAC-3)3 


"  (i)  H2N(CH2)5CONH-ALAPYIP-(D-Arg)8-NH2,  EDCI,  DMAP,  DMF. 


intracellular  protein  degradation,  we  next  used  a  well  understood 
protein— ligand  pair  which  occurs  in  nature.  The  testosterone/ 
androgen  receptor  pair  was  particularly  attractive  because  it  has 
been  shown  that  the  androgen  receptor  (AR)  can  promote  the 
growth  of  prostate  tumor  cells,  even  in  some  androgen- 
independent  cell  lines.32  In  those  same  cell  lines,  it  has  been 
shown  that  inhibition  of  AR  represses  growth.32  We  hypoth¬ 
esized  that  a  PROTAC  could  be  utilized  to  degrade  AR,  poten¬ 
tially  yielding  a  novel  strategy  to  repress  tumor  growth.  With 
this  in  mind,  the  design  of  PROT AC-5,  5,  contains  DHT  as  the 
ligand  for  AR  as  well  as  the  HIF-polyarginine  peptide  sequence 
which  was  successful  with  PROTAC-4.  Known  DHT  derivative 
433  was  successfully  coupled  to  the  HIF-polyarginine  peptide 
with  standard  peptide  coupling  conditions  (Scheme  2).  To 
monitor  protein  degradation  by  fluorescence  analysis,  HEK293 
cells  stably  expressing  GFP-AR  (293GFP-AR)  were  treated  with 
increasing  concentrations  of  PROT  AC-5.  Within  1  h,  a  signifi¬ 
cant  decrease  in  GFP-AR  signal  was  observed  in  cells  treated 
with  100,  50,  and  25  «M  PROT  AC-5,  but  not  in  the  DMSO 
control  (Figure  3,  parts  A— F,  I,  L).  Western  blot  analysis  with 
anti-AR  antisera  verified  the  downregulation  of  GFP-AR  in  cells 
treated  with  25  /rM  PROT  AC-5  compared  to  DMSO  control  or 
nontreated  cells  (Figure  3M).  PROTAC-5  concentrations  lower 
than  25  /<M  did  not  result  in  GFP-AR  degradation  (data  not 
shown).  Pretreatment  of  cells  with  epoxomicin,  a  specific 
proteasome  inhibitor,34  prevented  degradation  of  GFP-AR  (Fig¬ 
ure  3,  part  H:  light  field,  K:  fluorescent),  indicating  that  the 
observed  degradation  was  proteasome-dependent.  This  result 
was  also  verified  by  Western  blot  (Figure  3N).  It  should  be 
noted  that  decreased  cell  density  in  the  epoxomicin  experiments 
are  most  likely  due  to  the  inherent  toxicity  of  epoxomicin  itself, 
rather  than  from  a  toxic  effect  of  the  PROTAC.  This  is  supported 
by  the  viability  of  cells  treated  with  PROTAC-5,  as  seen  in 
Figure  3B,C. 

Competition  experiments  with  testosterone  also  inhibited 
PROTAC-5  from  inducing  GFP-AR  degradation  (Figure  4  A-D). 
In  addition,  cells  treated  only  with  testosterone  retained  all 
fluorescence,  as  did  cells  treated  with  the  HIF-polyarginine 
peptide  (Figure  4G,H).  Finally,  cells  treated  with  both  testoster- 


(32)  Debes,  J.  D.;  Schmidt,  L.  J.;  Huang,  H.;  Tindall,  D.  J.  Cancer  Res.  2002, 
62,  5632-5636. 

(33)  Stobaugh,  M.  E.;  Blickenstaff,  R.  Steroids  1990,  55,  259-262. 

(34)  Meng,  L.;  Mohan,  R.;  Kwok,  B.  H.  K.;  Elofsson,  M.;  Sin,  N.;  Crews,  C. 
M.  Proc.  Natl.  Acad.  Sci.  U.S.A.  1999,  96,  10403-10408. 
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Figure  3.  DHT-HIF  PROTAC-5  (5)  mediates  GFP-AR  degradation  in  a 
proteasome-dependent  manner.  One  hour  after  treatment,  293OFP-AR  cells 
treated  with  a  100  /fM  (B  light  field,  E  fluorescent)  or  50  /fM  (C  light 
field,  F  fluorescent)  concentration  of  5  lose  fluorescence,  while  the  DMSO 
control  (A  light  field,  D  fluorescent)  retains  fluorescence.  Cells  treated  with 
10 /fM  epoxomicin  (G  light  field,  J  fluorescent)  and  pretreated  with  10 /fM 
epoxomicin  for  4  h  followed  by  treatment  with  25  /fM  5  for  1  h  (H  light 
field,  K  fluorescent)  retain  fluorescence,  while  cells  treated  only  with  25 
fiM  5  lose  fluorescence  after  1  h  (I  light  field,  L  fluorescent).  Western  blot 
analysis  confirms  loss  of  GFP-AR  after  treatment  with  PROTAC  5  (+PT) 
relative  to  a  loading  control  (M),  while  inhibition  of  the  proteasome  with 
epoxomicin  (Epox)  inhibits  degradation  (N). 


one  and  the  HIF-polyarginine  peptide  together  also  retained 
fluorescence,  indicating  again  that  both  domains  needed  to  be 
chemically  linked  to  observe  degradation  (Figure  4F).  It  is 
important  to  note  again  that  the  cells  survived  treatment  with 
PROTAC-5,  indicating  that  the  strategy  of  utilizing  the  ubi- 
quitin— proteasome  pathway  for  targeted  degradation  does  not 
necessarily  cause  a  toxic  effect. 

Discussion 

These  experiments  highlight  the  general  applicability  of  a 
novel  strategy  to  target  and  degrade  proteins  in  vivo.  Although 
this  technique  has  been  shown  to  be  effective  previously  in  vitro, 
this  is  the  first  example  of  synthesized  molecules  which  are 
capable  of  inducing  the  degradation  of  a  targeted  protein  upon 
addition  to  cells.  Use  of  a  GFP  fusion  protein  provided  a 
convenient  method  to  monitor  PROTAC-induced  degradation, 
but  is  not  inherently  necessary  to  the  design  of  the  molecule. 
In  principle,  no  molecular  biological  manipulations  are  needed 
to  implement  a  PROTAC  molecule.  This  technique  therefore 
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Figure  4.  A  chemical  bond  between  the  H1F-(D-Arg)n  peptide  and  DHT 
is  required  for  PROTAC-5-induced  degradation  of  GFP-AR.  Cells  were 
treated  with  (A)  no  treatment,  (B)  DMSO  (equal  volume),  (C)  25  ffM 
PROTAC-3,  (D)  25  fiM  PROTAC-5  +  10-fold  molar  excess  testosterone, 
(E)  25  uM  PROTAC-5  +  10-fold  molar  excess  (250  /fM)  HIF-D-Arg 
peptide,  (F)  25  /fM  HIF-D-Arg  peptide  +  25  /fM  testosterone  added 
separately,  (G)  25  /fM  DHT,  and  (H)  25  /fM  HIF-D-Arg  peptide. 

provides  a  novel  approach  to  the  study  of  protein  function 
without  genetically  modifying  the  host  cell.  Moreover,  the 
modularity  of  the  PROTAC  design  offers  the  possibility  to 
synthesize  similar  PROTAC  molecules  targeting  a  variety  of 
intracellular  targets.  These  experiments  have  shown  that  the 
ligand  for  the  target  protein  can  be  varied  using  both  natural 
and  synthetic  ligands  to  degrade  effectively  targeted  GFP  fusion 
proteins.  Although  the  linker  length  has  not  been  fully  explored, 
a  spacer  consisting  of  two  aminocaproic  acids  (12  atoms)  has 
been  shown  to  be  flexible  enough  to  accommodate  some 
structural  variation  in  the  target  and  E3  ligase  proteins  yet  remain 
functional.  Since  ubiquitination  occurs  most  commonly  on  an 
exposed  lysine,  different  spacer  lengths  may  be  required  to 
accommodate  the  structures  of  different  target  proteins. 

Small  molecules  have  previously  been  implicated  in  inducing 
ubiquitination  and  degradation  of  proteins;  most  notably  geldan- 
amycin  derivatives  act  by  controlling  target  interaction  with 
molecular  chaperones.35-38  However,  there  are  often  specificity 
issues  with  these  approaches,  and  the  exact  mechanism  of 

(35)  Kuduk,  S.  D.;  Zheng,  F.  F.;  Sepp-Lorenzino,  L.;  Rosen,  N.;  Danishefsky, 
S.  }.  Bioorg.  Med.  Chem.  Lett.  1999.  9,  1233-1238. 

(36)  Kuduk,  S.  D.;  Harris,  C.  R.;  Zheng,  F.  F.;  Sepp-Lorenzino,  L.;  Ouerfelli, 
Q.;  Rosen,  N.;  Danishefsky,  S.  J.  Bioorg.  Med.  Chem.  Lett.  2000, 10, 1303 — 
1306. 

(37)  Zheng,  F.  F.;  Kuduk,  S.  D.;  Chiosis,  G.;  Munster,  P.  N.;  Sepp-Lorenzino, 
L.;  Danishefsky,  S.  1;  Rosen,  N.  Cancer  Res.  2000,  60,  2090-2094. 

(38)  Citri,  A.;  Alroy,  I.;  Lavi,  S.;  Rubin,  C.;  Xu,  W.;  Grainmatikakis,  N.; 
Patterson,  C.;  Neckers,  L.;  Fry,  D.  W.;  Yarden,  Y.  EMBOJ.  2002,  2407- 
2417. 
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Figure  5.  Potential  use  of  PROTACS  in  a  chemical  genetic  screen. 


induced  degradation  is  not  clear.  Interference  with  gene  products 
at  the  post-translational  level  has  also  been  successfully 
demonstrated  by  Howley  and  co-workers,39  who  used  known 
protein— protein  interacting  domains.  Their  approach,  while 
successful,  required  significant  manipulation  of  the  cell  lines 
in  question  to  observe  an  effect.  Both  of  these  methods  are 
significantly  less  direct  and  flexible  than  PROTACS.  In  addition, 
the  PROTAC  strategy  represents  the  first  attempt  to  develop  a 
general  method  for  small  molecule-induced  targeted  proteolysis 
via  the  ubiquitin— proteasome  pathway  in  intact  cells. 

PROTACS  could  in  principle  be  used  to  target  almost  any 
protein  within  a  cell  and  selectively  initiate  its  degradation, 
resulting  in  a  “chemical  knockout”  of  protein  function.  A  notable 
advantage  to  this  strategy  is  that  proteolysis  is  not  dependent 
on  the  active-site  inhibition  of  the  target;  any  unique  site  of  a 
protein  may  be  targeted,  provided  that  there  are  exposed  lysines 
within  proximity  for  the  attachment  of  ubiquitin.  Because  some 
E3  ligases  are  expressed  in  a  tissue-specific  manner,  this  also 
raises  the  possibility  that  PROTACS  could  be  used  as  tissue- 
specific  drugs. 

Several  other  applications  for  this  technology  can  be  envi¬ 
sioned.  First,  PROTACS  could  be  used  to  control  a  desired 
cellular  phenotype,  for  example,  via  the  induced  degradation 
of  a  cnicial  regulatory  transcription  factor  which  is  difficult  to 
target  pharmaceutically.  “Chemical  knockout”  of  a  protein  could 
prove  viable  as  an  alternative  for  a  genetic  knockout,  which 
would  be  extremely  valuable  in  the  study  of  protein  function. 
This  strategy  could  also  provide  significantly  more  temporal 
or  dosing  control  than  gene  inactivation  at  the  DNA  or  RNA 
level.  Second,  libraries  of  PROTACS  could  be  used  to  screen 
for  phenotypic  effects  in  a  chemical  genetic  fashion.  This 
strategy  could  be  used  either  to  identify  novel  ligands  for  a  target 
or  to  identify  new  therapeutically  vulnerable  protein  targets  by 
studying  phenotypic  change  as  a  result  of  selective  protein 
degradation  (Figure  5).  This  chemical  genetic  strategy  would 
employ  a  library  of  PROTAC  molecules  with  identical  E3 
ubiquitin  ligase  domains  but  chemically  diverse  target  ligands. 
After  PROTAC  library  incubation  with  cultured  cells  and 


(39)  Zhou,  P.;  Howley,  P.  Mol.  Cell.  2000,  5,  751-756. 


detection  of  the  desired  cellular  phenotype  (e.g.,  inhibition  of 
pro-inflammatory  signaling),  one  could  identify  the  protein  that 
w'as  degraded  by  incubation  with  the  PROTAC.  A  number  of 
approaches  could  be  used  to  identify  the  PROT AC-targeted 
protein,  including  affinity  chromatography  and  differential 
proteomic  technologies  such  as  ICAT.40  In  a  modification  of 
this  strategy,  a  library  of  PROTACS  could  be  screened  to 
identify  a  ligand  for  a  particular  target  by  monitoring  degradation 
of  the  target  protein  (e.g.,  loss  of  GFP  fusion  protein).  Finally, 
PROTACS  could  be  used  as  drugs  to  remove  toxic  or  disease- 
causing  proteins.  This  strategy  is  particularly  appealing  since 
many  diseases,  including  several  cancers,  are  dependent  on  the 
presence  or  overexpression  of  a  small  number  of  proteins.  The 
large  number  of  potential  uses  for  this  technology,  coupled  with 
the  success  of  these  experiments,  suggests  that  PROTACS  could 
find  broad  use  in  the  fields  of  cell  biology,  biochemistry,  and 
potentially  medicine. 

Experimental  Section 

A.  Materials.  (F36V)FKBP12  expression  vector  was  generously 
provided  by  ARIAD  Pharmaceuticals  (Cambridge,  MA),  and  GFP-AR 
expression  plasmid  was  a  gift  from  Dr.  Charles  Sawyers  (HHM1, 
UCLA).  Epoxomicin41  and  AP2  1  99821'22  were  synthesized  as  previously 
described.  Dihydrotestosterone  and  testosterone  were  obtained  from 
Sigma-Aldrich  (St.  Louis,  MO).  Monoclonal  antibody  recognizing  VHL 
was  purchased  from  Oncogene  (San  Diego,  CA),  antibodies  recognizing 
GFP  and  /J-tubulin  were  obtained  from  Santa  Cruz  Biotech  (Santa  Cruz, 
CA),  and  polyclonal  antibody  against  the  androgen  receptor  was  from 
United  Biomedical,  Inc.  (Hauppauge,  NY).  HEK293,  786-0,  and  HeLa 
cells  were  purchased  from  the  American  Type  Culture  Collection 
(Manassas,  VA).  Tissue  culture  medium  and  reagents  were  obtained 
from  GIBCO-Invitrogen  (Carlsbad,  CA). 

B.  Tissue  Culture.  HeLa  cells,  786-0  cells,  and  HEK  293  cells 
were  separately  cultured  in  D-MEM  supplemented  with  10%  fetal 
bovine  semm,  100  units/mL  penicillin,  100  mg/mL  streptomycin,  and 
2  mM  L-glutamine.  All  cell  lines  were  maintained  at  a  temperature  of 
37  °C  in  a  humidified  atmosphere  of  5%  CO2.  To  generate  cells  stably 
expressing  a  particular  fluorescent  target  protein,  the  parent  cell  line 
was  grown  to  70%  confluency  and  transfected  using  calcium  phosphate 
precipitation  of  the  designated  cDNA.  Following  transfection,  cells  were 
split  1:10  into  culture  medium  supplemented  with  600  ftglmL  G418 
(GIBCO-Invitrogen).  Individual  clones  which  optimally  expressed 
fluorescent  target  protein  were  identified  and  expanded  under  selection 
for  further  experimentation. 

C.  Detection  of  PROTAC-Induccd  Degradation  by  Fluorescence 
Microscopy.  Cells  stably  expressing  fluorescent  target  protein  were 
plated  into  96  well  plates  (HeLaEGI'p_FKBF  cells  plated  at  4000  cells/ 
well  and  HEK293OFP~AR  cells  plated  at  60  000—100  000  cells/well). 
Synthesized  PROTACS  were  dissolved  in  DMSO  vehicle  at  a  final 
concentration  of  1%.  Disappearance  of  target  protein  in  vivo  was 
monitored  by  fluorescence  microscopy  at  an  excitation  wavelength  of 
488  nm. 

D.  Detection  of  PROTAC-Induced  Degradation  by  Western  Blot. 

Whole  cell  lysates  were  prepared  from  HeLaEGFP— FKBP  cells  treated 
with  PROTAC-4  and  with  HEK293GFP-AR  cells  treated  with 
PRTOAC-5  by  lysing  the  cells  in  hot  Laemmli  buffer.  Lysates  were 
subjected  to  8%  polyacrylamide  gel  electrophoresis,  and  the  proteins 
were  transferred  to  nitrocellulose  membrane.  Membranes  were  blocked 
in  3%  nonfat  milk  in  TBS  supplemented  with  0.1%  Triton  X-100  and 
0.02%  sodium  azide.  Lysates  from  FIeLaEGFP_FKBP  cells  treated  with 


(40)  Han  D.  K.;  Eng  J.;  Zhou,  H.;  Aebersold,  R.  Nat  Biotechnol.  2001, 19. 946- 
951. 

(41)  Sin,  N.;  Kim,  K.  B.;  Elofsson,  M.;  Meng,  L.;  Auth,  H.;  Kwok,  B.  H.  B.; 
Crews,  C.  M.  Bioorg.  Med  Chem.  Lett.  1999,  9,  2283—2288. 
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PROTAC-4  were  probed  with  anti-GFP  (1:1000)  and  anti-VHL  (1: 
1000)  antibodies,  and  HEK293GFP-AR  cells  treated  with  PROTAC-5 
were  probed  with  anti-androgen  receptor  (1:1000)  and  anti-/3-tubulin 
(1:200)  antibodies.  Blots  were  developed  using  chemiluminescent 
detection. 
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Abstract 
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/  T. 

Protein  degradation  is  one  of  the  tactics  used  by  the  cel!  for  irreversibly 
inactivating  proteins.-  fit  eukaryotes,  ATP  dependeitt  protein  degradation 
in  the  cytoplasm  a&i  nucleus  is  carried  out  by  the  26$  protcasomc.  Most 
proteins  are  targeted  in  the  26$  prose  a  some  by  covalent  attachment  of  a 
muUiubiejuitin  utairi,  A  key  component  of  the  enzyme  cascade  that  results 
in  attachment  of  the  nuilt  tubs  quit  in  chain  to  the  target  or  labile  protein 
is  the  ubiquaijr- ligase  that  controls  the  specificity  of  the  ubiquitination 
reaction.  Defects  in  ubiqititindepcndeni  proteolysis  have  been  shown  to 
result  in  #' variety  of  human  diseases,  including  cancer,  neurodegcneratlve 
diseases,  and  metabolic  disorders. 

Tfie  SCF  (Skpl-Culhn-F-box-Hrl  1 )  complex  is  a  heleronsetic  ttbkjuitin 
Isgase  that  multiubjqwitnratcs  proteins  important  for  signal  transduction 
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ant!  cel!  cycle  progression.  A  technology  was  developed  known  as  Pirotae 
(Proteolysis  Targeting  Chimeric  Molecule)  that  acts  as  a  bridge,  bringing 
together  the  SCF  ubiquitin  Ijgase  with  a  protein  target,  resulting  in  its 
ubiqmtiuation  and  degradation.  The  Protac  contains  an  SCF-bittdiftg 
peptide  moiety  at  one  end  that  is  recognized  by  SCF  that  is  chemically 
linked  to  the  binding  partner  or  ligand  of  the  target  protein;  The  first 
demonstration  of  the  efficacy  of  Protac  technology  was  th<r  successful 
recruitment,  ubiquitination,  and  degradation  of  the  protein  methionine 
a  min  ope  pri  dnse  -2  (Met  A  P-2)  through  a  covalent  interaction  between 
Met  AP2  and  Protac.  Subsequently,  we  demonstrated  that  Ptotacscould 
effectively  ubiquitinate  and  degrade  cancer-promoting  proteins  (estrogen 
and  androgen  receptors)  through  noncovalent  interact! ottS'tn  vitro  and  in 
cells.  Finally,  cell-permeable  Protacs  can  also  promote  the  degradation  of 
proteins  in  cells,  In  this  chapter,  l  describe  experiments  to  test  the  ability 
of  Protacs  to  target  proteins  in  vitro  and  in  cells.^  ,* 

'  * 

Introduction  {**% 

*.  f 

Ubiquit in-dependent  proteolysis  is  a  fitajOr  pathway  that  regulates 
intracellular  protein  levels.  Positranstatiohai  modification  of  proteins  by 
E3  ubiquitin  ligases  results  in  mtiUmbiqnitin  chain  formation  and 
subsequent  degradation  by  the  26S  protcasome  (Ciecbanover  et  at.<  2000, 
Deshaies,  1999;  Sakamoto,  2002),  One  potential  approach  to  treating  hu¬ 
man  disease  is  to  recruit  a  disease  related  protein  to  .an  E3  Jigasc  for 
ubiquitination  and  subsequent  degradation  To  this  end,  a  technology 
known  as  Protacs  (Proteolysis  Targeting  Chimeric  Molecules)  was  devel¬ 
oped.  The  goal  of  Protac  therapy  is  to  create  a  "bridging  molecule"  that 
could  link  together  a  disease  -related  protein  to  an  E3  ligase.  Protacs  consist 
of  one  moiety  (e,g.,  a  peptnlu),  which  is  recognized  by  the  E3  ligase.  This 
moiety  or  peptide  is  Jjhcfr’Themically  linked  to  a  binding  partner  of  the 
target.  The  idea  is  t^ftfootacs  would  bring  the  target  to  the  E3  ligase  In 
close  enough  proximity  for  nmltiubiquitin  attachment,  which  would  then 
be  recognized  by’TJ)et;'26S  preteasome  (Fig.  1).  The  advantage  of  this 
approach  is  that  it  is  Catalytic  and  theoretically  can  be  used  to  recruit  any 
protein,  even  thqs&lhat  exist  in  a  multisubunit  complex. 

Several  applications  for  Protac  therapy  are  possible.  In  ameer,  the 
predoroindnOipproach  to  treating  patients  is  chemotherapy  arid  radiation. 
Both  of  fifc^eTorms  of  therapy  result  in  complications  because  of  effects 
on  normal  Cells.  Therefore,  development  of  therapeutic  approaches  to 
spedficailyTnrget  cancer-causing  proteins  without  affecting  normal  cells 
is  desirable. 


835 


{5-1]  MOLECULES  TO  TASCtt  rSOTEIMS  TOR  US) QUITO*  ATKJJf 


Frefec 


Fia  1.  Praise- 1  targets  MetAP-2t»SCF.  P«waf-J  is  a  thimetiemziecsiU  that  mmsnela, 
pivMpliopept’.d"  m  tarty  jmd  i  sta&H  isotrcide  moiety  that  :inisfnrts  «riih  ilw  jMotefrt  targei 
(Sakamoto  et  af„  2001 )  (See  color  insert )  *■-- ,  ? 


A/  / 

To  test  the  efficacy  of  Protacs  in  ftm'thd  In  vivo,  several  components, 
are  essential.  First,  a  functional  E3  iigase  is  necessary,  either  in  purified 
form  or  isolated  from  cell  extracts!:' Additional  components  of  ubiquitina- 
tion  reaction,  including  ATP,  Et,  FI,  and  ubiquiftn,  are  also  required. 
Second,  a  small  peptide  or  molecule-  recognized  by  the  E3  Hgase  must  be 
identified.  Finally,  a  target  wrtlrip well-characterized  binding  partner  must 
be  selected  that  will  be  chemically  linked  to  die  peptide.  Finally,  successful 
application  of  Protacs  ledbnology  depends  on  the  ability  of  the  Promt  to 
enter  cells  to  target  l^e*BrStein  .for  ubiqttitination  and  degradation:.  For 
clinical  application,  therapeutic  drug  concentrations  are  usually  considered 
to  be  in  the  nanomofeuLfhnge. 

In  addition  to  fhe  use  of  Protacs  for  the  treatment  of  human  disease, 
these  molecules. prdvide  a  chemical  genetic  approach  to  “knocking  down” 
proteins  to  study  their  function  (Schneddoth  el  at,  2004),  The  advantages 
of  Protacs  they  are  specific  and  do  not  require  transfections  or 

transduction.  Prptacs  can  be  directly  applied  to  cells  or  injected  into  ani¬ 
mals  without  the  use  of  vectors.  Given  the  increased  number  of  E3  ligases 
identified  fey  . die  Human  Genome  Project,  the  possibilities  for  different 
conibirfatipnl  of  Protacs  that  link  specific  targets  to  different  figases  are 
unlimited.  'litis  chapter  describes  getters!  strategics  of  testing  the  efficacy  of 
Protacs  using  two  E3  ligascs  as  an  example:  ${gptf,TRCF  m(i  Von  HippeJ 
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Fin  Are  (VHL)  complexes  (Ivau  et  af.,  2001;  Kaolin,  2002),  Three  different 
targets  will  be  described:  methionine  aminopeptidase-2  (MeiAP-2),  estro¬ 
gen  receptor  (ER),  and  androgen  receptor  (ARi.  We  will  provide  an 
overview  of  binding  assays,  transfections,  immanoprectpstations,  and  «bi- 
quitination  and  degradation  assays  of  the  proteins  targeted  to  ubiquirin 
lipases  by  Protacs. 

Strategies  to  Assess  the  Efficacy  of  Protacs  In  Vitro 

As  proof  of  concept,  we  generated  a  Prattle  motecufe'  that  targets  the 
protein  Me*  A  P-2  for  ubiquitination  and  degradation,  MetAP-2  cleaves  the 
N  'iermina!  methionine  from  nascent  polypeptides  and  iSprte  of  the  targets  of 
angiogenesis  inhibitors  famr.plHn  and  ovaStcin  (Griffith  al.,  1997;  fe3fSi&*fc  gf¥)  it 
^^^^.*1998;  Sin  el  til,  1997).  Ovalicin  covalently.bimis  to  MetAP-2  at  the 
His-231  active  site.  Inhibition  of  MetAP-2  is  thbuglit  to  block  endothelial 
cell  proliferation  by  causing  Gl  arrest  (Yefc  el  al,  2000),  MetAP-2  is  a 
stable  protein  that  has  not  been  demonstrated  to  be  uhiqtminared  or  an 
endogenous  substrate  of  $CF^trcf.  For  these  reasons,  Met-AP2  was 
chosen  to  be  the  initial  target  to  test  Prplacs!'**'’ 

The  heteromerte  uhiquitin  ligase,  S<5.Ef‘™cr  (Skp!  -Cullin-FboxTlril}, 
was  selected  because  the  F-box  prptelrih^TRCP/EkRS  was  previously 
shown  to  bind  to  IkBo  (inhibitor  bf  NF/sBa)  through  a  minimal  phos» 
phopeptide  sequence,  DRHDS*GLDS*M  (phosphtwerines  indicated  by 
asterisks)  (Ben-Ncriah,  2002;  Katin  arid  Ben-Neriah,  2000).  'litis  30-amkto 
acid  phosphopeptide  was  linked  to  ovalicin  to  form  the  Pratae  (ProtacT)  as 
previously  described  (Sakamoto  afat.,  2001). 

/ 

Met  A  P-2-Proiac  Coupling  'Assay 

* 

MetAP-2  (9  pM)  wjfeinciibatcd  with  increasing  concentrations  of  Predao 
3  for  45  mm  at  room  tempfcrature  (Fig.  2).  Reactions  were  supplemented  with 
SDS  loading  dye,  /ractibnatcd  on  an  SDS/10%  polyacrylamide  gel,  trans¬ 
ferred  onto  a  nitrricellulase  membrane,  and  femtmoblolted  with  rabbit 
polyclonal  anttjMetiyp-2  antisera  (Zymed,  Inc,).  Detection  was  performed 
using  enhariccdpe^emilumlncsccace  (Amershant,  Inc.), 

X, 

Tissue  CutpffHi, 

293T,,ce|fe  were  cultured  in  JDMKM  with  10%  (vof/vol)  F36S  (Gibco, 

Inc  ),  penicillin  (100  «nits/ml),  streptomycin  (100  mg/tnl),  and  L-glttfatnlne 
(2  m.M).  Cells  were  split  1:5  before  the  day  of  transfection  and  transiently 
transfected  with  40  pg  of  plasmid.  Cells  were  60%  confluent  in  100-mm 
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Fto.  I  MetAP-2  Wikis  Frotsc  speritwatty  and  in  a  concentration (Scpe rslcnt  manner.  (A) 
MctAf-2  (9  V.M)  was  inctrbafed .  with  increasing  crmfsrsttflfipffi  ^’RotK-l  at  RKWn 
(cmpcraiurt  tor  4.5  min.,  The  Iasi  t-wo  Jam*  tfejrtM  MetAP-2  that  wissmcybassd  with  cither 
free  pfcosphopeptisfc  (1PP;  50  /tM)  or  free  ovaBdn  (OVX;’S|  fiM),  m  indicated  After 
incubation,  samples  *«t  supplemented  with  SDS-PAGE  k-.nlSrig  tfv'e,  fractionated:  by  SOS- 
FAGE.  and  ifnmutwfetoticd  with  Met  APT  antiseruns,  (It)  Same  si  (A),  except  MetAP-2  (9  pM} 


pj.iis  prctnc-1  (10  pW)  were  supplemented  with  either  Islbj'^phosphopeptlde  (50  pM)  « 
ovalidn  (SO  p.lf)  as  fmlirnted,  Frotsc  binding  to  MetAP-2  was  inhibited  by  addition  trf 
tivalitin.  but  not  phosphopeptltfe  (B>  (Sakamoto  tt  o£V 2OT|). 

*  *"  ’hl-,^S  '%S‘ 

dishes  on  the  day  of  transfection.  DNAt^figj  of  pPLAG-CULI  am!  2oJig 

of  pFLAO-/J-TRCP)  was  added.  (Ills  were  transfected  using  Nsslmmi _ 

phosphate  precipitation  as  previously  described  (Lyapina  etal,  1998).  Cells 
were  harvested  30  h  after  transfietipn.  Five  jmcrograms  of  pGIvl,  a 
plasmid  containing  the  cytomegMpyifus  (CMV)  promoter  linked  to  the 
green  fluorescent  protein  (GFT)  „cDNA,  was  cotransfected  into  celts 
to  determine  transfection  ef6ci|ney.  lit  all  experiments,  greater  than  80% 
of  the  cells  were  CiFF-pj^Ttiv#  at  the  time  of  harvest, 
transfection  efficiency.  '%./ 


indicating 


Itmnwwpreci‘pititfhn/a>nl  Ublquitimtion  Assays 

293T  cells  were'^ysld  with  200  p\  of  lysis  buffer  (25  mM  Tris-Cl,  pH 
7.5/150  mM  Triton  XTOO/5  mM  NaP/0.05  mM  EGTA/1  mM 

PMSF).  Pcllets^ere  lysed  by  vortexing  for  10  sec  in  a.  4*  cold  room ,  then 
placed  on  ice .  f&ij^tnin.  After  centrifugation  at  13,000  tpm  .in  a  Microfugc 
for  5  min  ufTTibe  supernatant  was  added  to  20  pi  of  FLAG  M2  affinity 
beads  (Stgf^j’aniJ  incubated  for  2  h  rotating  at  4*.  Beads  were  span  down 
at  13,000 fpurlnd  washed  with  buffer  A  (25  mM  Hepes  buffer,  pH  7-4/0.01  % 
Triton-X-ltXlhSO  rnM  NuCI)  and  one  wash  with  buffer  B  (the  same  iss  buffer 
A  bn I:  wi limit  Triton  X  TOO).  Four  microliters  of  MetAP-2  (1 8  pM)  stock, 
4  pi  of  Protac-1  (100  pAf),  0.5  pi  of  01  pf/pt  purified  mouse  El  (Boston 
Biochem),  I  /d  of  0.5  pg i/A  human  Cde34  E2  (Boston  Biochem),  and  1  pi  of 
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25  mM  ATP  were  added  to  20  gtl  (packed  volume)  of  FLAG  heads 
imniunoprecipitated  with  SCF  Reactions  were  incubated  for  1  Is  at  3Cf  in 
a  Thermomixer  (Bppendorf)  with  constant  mixing.  SDS-PAGE  loading 
buffer  was  added  to  terminate  read  ions,  which  were  then  evaluated  by 
Western  blot  analysis  as  previously  described  (Sakamoto  ei  al,.  2001)  (Fig, 
I).  Our  results  demonstrated  that  MctAP-2  bound  to  Proto/  could  be 
ubiqultinatcd  in  vitra  in  the  presence  of  SCF,  These  method^  can  be 
generalized  to  other  ubiqattin  Jigascs  provided  that  a  small  raoh;d)f,e.or 
peptide  ligand  exists  to  enable  the  synthesis  of  a  suitable  J^ojM  and 
expression  vectors  that  contain  tagged  versions  of  the  proieinor  siflmnits 
are  available.  Alternative  tags  (e.g.,  myc  or  HA)  have  jbcentised,  and  the 
resin  can  be  cross-linked  with  an  antibody,  which  ^eatHWfest  be  used  to 
immunopreetpiiafe  the  E3  ligase  from  nianimalian/elisFBolh  the  EE  and 
AR  are  members  of  the  steroid  hormone  recepioFsuperfan'tily  whose 
interactions  with  ligand  (estradfe!  and  restmtercfie.  respectively)  have 
been  well  characterized  (Figjp;v‘TBe  ER  has  beeri  implicated  Jn  the 
progression  of  breast  cancer  (Howell  <tf  af,ti20Q3}.  Similarly,  hormone- 
dependent  prostate  cancer  cells  grow  m  response  to  androgens  (Debcs 
ft  at.,  2002).  Therefore,  both  ER  and  Jfrty/fa  logical  targets  for  can¬ 
cer  therapy.  To  target  ER  for  ubiquitfesdion  and  degradation,  n  Proiac 
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FiC  3.  ProVwlhcdSSies  MctAF-2  ubjqttfrsnation  by  SCF.  (A)  UWquftiuMiloa  of  the 
4t'tDi  fragment  rtf  Met  AP‘2.  MriAP-2-  Protac-1  niKtare  was  added  to  either  control  (mock) 
vr  it^temested  with  ATP  plus  purified  El,  E2  (CdeM),  and  «bk|tttbTt, 

UbeTJSc  (SfiO-jagfovas  aim  tested  as  E2  in  the  rcacrien,  which.  molted  its  the  same  degn*  of 
ttfnq«h.tofi«B  sjobserved  with  Ofe34  (dsta  not  shown).  Eesafore^rjir»3hatcd  for  1  h  at  3(P, 
sncl  were  Attuned  by  SDS-PAGE  fotiuwcd  by  Western  hlottwSiwfj  'miWfeAP-2  antfetanm. 
(B)  Ublqulitaatten  of  futt-tasgth  (6?  kD»)  MctAP-2,  Same  (A),  except  that,  the  67-kDn 
preparation  of  MctAP*2  was  Bed,  «RdM,E2,  plus  wWqvitln  were  either  added  at  iMsmiidflxJor 
twofold  higher  (2x)  Icvefe,  at  insleatctl  (Sakamoto  el  a!.,  2Gf)t). 
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Flag  Cul ■  I//5  -TKCP  +  + 

ProSC  4-  — 

Estradiol  -  i 

tCRor  phrsphope  glide  --  + 
Ubiqisitin  +  + 


F«s.  4.  Protac-2  activates  ubiquitinatsen  of  ER  la  jtftntfihaUmA  T3R  was  inenhutcd  with 
rcnowiMnawt  El,  E2,  ATP,  rtrftfititla.  and  immobilized  SCF*’***"'*'  Rotated  from  animal  Cells 
by  virtue  trf  Flap  tap  or.  cotransfected  Cull  ®*/st  /I  f  pep.  Rtutcfiem  were  snppfemcnted 
with  she  indicated  cwwenugtkm  of  I’rotiic-?.,  hnwtd  for  <®  rain  at  38’,  and  monitored  by 
S0STAGR  foMowed  by  immuMWotfinj;  wijtrarft  ssnsi-ER  antibody  (SaSarooto  c  el-,  2WV). 

t;- 

(Prof ac-2)  was  synthesized,  containing  the  l«Ba  phasphapeptide  linked  to 
estradiol  (the  ligand  for  HR)  (Sakamoto  cl  at. ,  2003). 

x/ 

Determination  of  Protein  Degradation  of  IJhiquitintUed  Proteins  In  Vitro 

4,../ 

Ttte  success  of  Protacs  depends  not  only  on  efficient  ubiqnifinnhon  of 
the  proposed  target  butAtlso  degradation  of  that  target  in  cells.  Several 
approaches  can  be  usedfaoth  in  vitro  and  in  vivo  to  demonstrate  that  the 
target  is  being  destroyed  First,  demonstration  of  degradation  in  vitro  can 
be  performed  witl?, purified  26S  proteasome.  For  these  experiments,  we 
used  purified  vfeasfc  nroteasomes  as  previously  described  (Verata  a  at.. 

2000, 2002).  ^  %;,J 

Ubiqultinltipji  assays  were  first  performed  with  the  immtmopredpi- 
tated  E3  purified  target,  El,  E2,  ATP,  and  ubiquitin  with  Prolae. 

Purified  $fea.sf26S  proteasomes  {'10  pi  of  D.Smg/ml)  were  added  to  ubiqui 
tinated  protein  (e.g.,  ER)  on  beads.  The  reaction  was  supplemented  with 
6  /d  of  f"mM  ATT,  2  pi  of  0.2  M  magnesium  acetate,  and  ubiquitin 
aldehyde  (5  pM  final  concentration).  The  reaction  was  incubated  for  10 
miri  at  3(1"  with  the  occasional  mixing  in  the  Tfiermomixcr  (Eppetldorf),  To 
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verify  that  degradation  is  due  to  proteasomes  and  not  other  proteases, 
purified  26S  proteasomes  were  preincubated  for  45  min  at  W  with  1  mm 
of  !,  10  phernanfhroline  (Sigma)  (a  metal  chelator  and  inhibitor  of  the 
RPN!!  deubiquit  mating  enzyme  in  the  26S  protcasome)  (Fig.  5). 


St  rategies  to  Assess  the  Efficacy  of  Protects  in  Vim  / 

Clinical  application  of  Protacs  is  dependent  on  successful/ftblquit  (nation 
and  degradation  of  the  protein  target  by  endogenous  nhiejuttin  ligases  and 
proteasomes  within  cells.  There  are  several  approaches  to  test  the  efficacy  of 
Protacs  using  cell  extracts  or  application  directly  to  cells.  Depending  on  the 


polarity  of  the  Protac,  efficiency  of  internalization  in  fells  is  variable.  If 
Protacs  arc  hydrophilic,  such  as  the  case  with  the  Pioiac-1  that  contains 
the  IkBo  phosphopeplide,  extracts  or  niicrosaje^jldas  are  possible  ap* 
proachcs.  For  cell  permeable  Protacs,  it  is  be  possible  to  directly  bat  h  apply 
Protacs  to  cells.  '*%, 


Degradation  Experiments  with  Xenoptts  At tracts 

Extracts  from  unfert  i  Sized  Xr. nopus  fetevjs  eggs  were  prepared  on  the  day 
of  the  experiment  as  previously  described, (Murray,  1991 ).  MetAP-2  (4  pi  of 
9  ftM)  was  incubated  with  Protac-1  ,(50  01)  at  room  temperature. for  45 
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Bo.  5.  UM|iS|iatcd  £R  fee  ffcgratfcd  by  the  26$  prottasome.  (A)  WfiMuttn 
reactions  perfe(mf  as  described  fn  the  legend  to  Fit1 .  SA  were  suppSeroersted  with  purified 
yeast  7fi S  |>r«f w&'rncs.  Within  10  min,  cnsifTetis  dejmMgii  of  EH  was  observed.  (1) 
Purified  J6S  prdfeasome  preparation!  were  pjekeeubatwlin  1,10  phersaafestme  (1  m  M)  or  1 ,7 
phoromhfOtioe’ (1  jrtJW)  before  addition,  Else  metal  dictator  1,10  phcnanthioliiHS  inhibit'!  the 
Kpiill-associaicd  rteuKtjttidnatfag  activity  that  fe  reejoired  far  substrate  degradation  by  the 
prMeasome.  ftegradadon  oTER  waspariwily  hditblted  by  addition  of  1,10  phenatjtltrolta.lxif 
not  the  inactive  derivative  1 ,7  pheowthrotbse  (Sshaainto  erftf.,2003). 
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min  The  Met  A  I’-X-ThiiFicT  mixture  was  added  to  10  (d  of  extract  in 
addition  in  excess  ovafirin  (10  ftM  final  concentration).  The  excess  of 
ovalicm  was  added  to  saturate  any  free  Mel  A  P-2  in  the  reaction.  Additional 
components  in  the  reaction  included  consliiutivclv  active  IKK  (IKK-EE: 
0.1  fig)  and  okadaic  acid  (10  pM  final  concentration)  to  maintain  phos¬ 
phorylation  of  the  Win  peptide  moiety  of  fTotac.  To  test  for  specificity 
of  proteasomal  degradation,  various  proteasome  inhibitors '  were  used, 
including  N-acetylTeu*!eu-nor!eucinal  (1  I  nf..  50  pM  final)  or  fepnlomfein 
(10  ftM  final).  Protease  inhibitors  ehymotryprin.  pepstatin^ and- Icupeptin 
cocktail  (15  /ig/ml  final  concentration)  were  also  added  to  the  extracts. 
React  ions  were  incubated  for  time  points  up  to  30  min  atrooitt  temperature 
tj  and  terminated  by  adding  50  pi  of  SI>S  loading  buffer^, Samples  were  then, 
evaluated  by  Western  blot  analysis  using  Met  AP*2  aoltsenim  (Fig.  6). 

Micromjccfion  as  a  Method  to  Study  Effects  of  Praietcs  on  Uhiquitmdtton 
and  Degradation  of  Target  Proteins  'k 

Protacs  that  contain  a  phosphopeptide  do  ..not  enter  cells  efficiently. 
Various  protein  transduction  domains,  lipid  based  transfection  reagents,  and 
electroporation  or  other  transient  t ra nsfggion  nietlK'ds  can.  be  tested.  Mow- 
-=j»ever,  toM^giMlTioliics  enter^iefil^nticroinjcctions  were  performed 
For  these  experiments,  Protac-3  (bait*)  phosphopeptidc-testosterone  was 
synthesized  to  target  the  AR  (Sakamoto' ct  at.,  2003).  As  a  readout  of  pro¬ 
tein  degradation,  293  cells  stably  -expressing  AR-GFP  were  selected  using 
0418  (600  pg/ml).  Before  microlnjccttons.  cells  were  approximately  60% 
confluent  in  6- cm  dishes.  ./  * 


MetAP--2-Pf0Juc.  1  OVA 
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Fin.  6.  MctA'P‘%Prut«  but  not  free  MetAP-2  is  degraded  in  Xenopdx  cwtracis. 
The  MetAP-lSf'ratae-i  sotnure  er  MctAP-2  atone  was  added  to  Xempux  egg  extract 
fortified  wstb.njsfeeifl  (OVA;  too  ,M,  iXK-EE  (0.4  jtg>,  sod  okstbic  acid  (JO  ffM).  Where 
indicated,  icaefltaw  were  either  deprived  of  JKK-EE  or  ctcadak  add  (OA)  Or  were  further 
sitpplc-mMitdfiiih  5ft pM  JXnL  ot  10  pkt  epoxomirin  (Epos).  Reactions  were  incubated  for 
tbft  indicated  Sms  points  «t  room  tereperatw*,  temttoated  by  adding  SPSTAOB  loading 
tfye,  and  evatonted  by  SbSPAGE  followed  by  tVesJem  Hottiag  with  atifi-MeSAF-?  mikenm 
(Satotwoto  ft  sf„  7.001}- 
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Fro?ac-3  diluted  in  a  KCi  solution  (10  }tM  final}  with  rhodantine  dex¬ 
trin  (molecular  mass  10,1X0  Da;  50  pgfml)  was  injected  into  cells  through  a 
microcapillary  needle  using  »  pressurized  injection  system  (Pfcospritzer  0; 
General  Valve  Corporation),  Coinfection  with  rhodamtne  dexlran  is  criti¬ 
cal  to  ensure  that  decrease  in  AR-GFP  is  not  due  to  leakage  of  protein 
from  cells  after  microiujectitm.  The  injected  volume  was  0,2  pi,- represent¬ 
ing  5-10%  of  the  cel!  volume,  OFF  and  rhodamine  fluorescence  can  be 
visualized  with  a  fluorescent  microscope  (Zeiss)  and  photographs  taken 
with  an  attached  camera  (Nikon),  Within  I  h  after  ran  n -injection.  disap¬ 
pearance  of  AR-GFP  is  visible  (Fig.  '?),  Cells  should  remain'  rhodamine 

L  / 

/'V&r' 

A 


Degree  of  AR-OFP  Percent 

Disappearance  (out  of  >200  celts) 


1.  NONE 

4 

t.  MtKtMAX. 

16 

3.  PARTIAL 

29 

4,  COMPLETE 

51 

F«,  7,  MscroiojecHna  of  Imiuc  leads  to  AR-fJIT  degradation  in  cells,  Erotac-3  { 10  fiM  to 
the  mferotajection  introduced  using  a  Kcosprltzer  It  pressioired  rrticrehijecior 

feto  mAR  cells  in  a  Solution  containing  KG  (2-10  fM)  ant!  jrhwtantae  dextftm  (50  ;.g/ml), 
Approximately  total  cell  volume  was  injected.  (A)  Pratac-3  Induces  AR-C9# 

disappearance  vcHMu  '60  mm.  The  top  panels  show  edi  morphology  under  fight  mkrascepy 
overtaict  of  celts  injected  with  Protsc  as  indicates}  by  .rhodatfuue  fluomcetu* 

(pink  cot (3r),  The  bottom  panels  show  images  of  GFP  fluorescence;  By  1  I,  GFP  signal 
disappeared  irfslrwisf  all  wikrcsnjsctcd  cells,  "fo  quantify  these  results.  we  injected  more  than 
2®«Sbamf  chfeiftcd  the  degree  of  OFPdiMpp-earanc*  as  teiisg  either  tsos»  (I),  rasnrraal  (St), 
psttiol  (1),  or  compete  (4).  Examples  from  each  category  asrf  the  tabulated  multi  ate  shown 
in  (B).  These  results  were  reprodtidhte  in  three  independent  experfittertts  performed  on 
separate  days  wash  30-515  s»Sls  injected  per  day  (Sakamoto  H  nt,  2003).  (See  color  insert,) 


positive  provided  that  injection  has  not  caused  lysis  of  cells  or  leakage  of 
AR-GFP  from  cells.  Greater  than  200  cells  per  experiment  (in  three 
separate  experiments)  provide  data  demonstrating  that  Protaes  induces 
degradation  of  the  target.  AR-GFP  disappearance  can  then  be  quantitated 
by  categorhdog  the  intensity  of  GRP  signal  as  indicative  of  complete 
disappearance,  partial  disappearance,  minimal  disappearance,  of  no  disap¬ 
pearance.  To  verify  that  the  disappearance  of  AR-GFP  from  'cells  is  pro- 
teasome  dependent,  cells  were  pretreated  with  proteaso&e.  inhibitor 
epoxomlcm  (JO  pAf  final)  for  5  ft  before  mierahijcctions  or  frere. coinjected 
with  epoxomsdn  (10  pM).  .  • 

.  f 

Methods  to  Test  a  Celt  Permeable  Protar  /*' » ^ 

•'It . 

Reagents  capable  of  redirecting  the  substrate, specificity  of  the  uMqni 
t in-prate asarne  pathway  in  protein  degradation  would  be*,  useful  experi¬ 
mental  tools  for  modulating  cellular  phenotype  rind  potentially  acting  as 
drags  to  eliminate  disease-promoting  proteins^  To  use  Frotacs  to  remove  a 
ger<c  product  at  the  posttranslationaf  level cell- permeable  reagent  would 
be  necessary.  A  HlFlorDHT Prcrtnc  was  .developed  for  this  purpose.  Given 
the  lack  of  smalt  molecule  E3  Kgase  ligands,  the  seven  amino  add  sequence 
ALAPY1P  from  hypoxia-inducible  factor/lo  (IIJFlo)  was  chosen  for 
the  E3  recognition  domain  of  Prottc-tf  (Schnedcfolb  et  at.,  2004).  litis 
sequence  has  been  demonstrated  to  be  the  minimum  recognition  domain 
for  the  von  Hippel  IJndau  tumor  suppressor  protein  (VHL)  (Hon  et  a!., 


Fid.  S.  Chemtal  Struclirrs  of  HIF-IWTT  ftotwc  {Schircekfoth  et  at,  2804), 
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2002;  Knelin.  200?).  VHL  is  part  of  the  VBC-CuE  E3  ubiqultin  ligasc 
complex,  Under  normoxic  conditions,  a  proline  hydroxylase  catalyzes,  the 
hydroxylation  of  IIIF1«  at  the  (Epstein  et  at,,  200!)  central  proline  in  the 
A!  AFYIP  sequence.  This  modification  results  in  recognition  and  polyubi- 
quitinatlon  by  VHL,  Hll-kt  is  const!?  ntiveiy  ubiquitinnted  and  degraded 
under  normoxic  conditions  (Kaelin,  2fl02),  In  addition,  a  polv-lMurglnine 
tag  derived  from  HIV  tat  was  added  to  the  carboxy  terminus  oftbe  peptide 
sequence  to  confer  cell  permeability  and  prevent  nonspecific" proteolysis 
(Kirschberg  ef  at.,  2003;  Wender  et  at.,  2000)  (Fig.  8),  This  pjolac 
should  then  enter  the  cell,  he  recognized  and  hydrpxylsrtcd  by  a  prolyl 
hydroxylase,  and  subsequently  be  bound  by  both  the  VHLJE3  ligase  and 
the  target,  AH.  ^ ^ 

The  293  cells  stably  expressing  AR-GFP  were  ut&d'tb  study  the  effects 
of  HIFJ  «D1 IT  Prof  at  on  AH  degradation.  For  thesi  experiments,  greater 
than  95%  of  cells  expressed  AR-GFP.  On  theffdly  before  experiments, 
cells  were  plated  in  96-  well  plates  with  200  /d  of  media  at  60%  confluence. 
Protac  was  dissolved  in  DM  SO  and  was., added  to  celts  at,  concen¬ 
trations  ranging  between  10  pM-100  p,M"  The  presence  or  absence  of 
OFF  expression  after  Protac  treatment  whs^octermined  by  fluorescent 
microscopy,  A  time  Course  was  performed,  but  for  HIFto-DHT  Prolac, 
the  effects  were  observed  within  2  h.  Tp/asscss  proteasome-dcpeiideirt 
degradation,  cells  were  pretreated  with epoxomidn  (10  pM  final  concen¬ 
tration)  for  4  h  before  adding  Projac.  Western  blot  analysts  was  performed 
to  determine  levels  of  AR-GFP  (Fig.  9). 

To  measure  the  protein  ]eyeht«4f  AR-GFP  after  Protac  treatment, 
the  cells  were  harvested,  Washed  with  PBS  once,  then  pelleted  at 
1 50ft  rpm.  Celts  were  lysed  with  boiling  SDS  loading  buffer  (30  pi),  then 
boiled  for  5  mitt.  Lysates-* wet$ "s objected  to  8%  polyacrylamide  gel  elec¬ 
trophoresis,  and  the  proteins  were  transferred  to  nitrocellulose  membrane. 
Western  blot  analysis  #^‘performed  with  antiandrogen  receptor  (1:1000) 
and  anti-beta  tubulin  $;200)  antisera.  Detection  was  determined  using, 
chemihiroineseenc# 


Santa  C«5A.,(Q  jsp’vwsmirin  inhibits  Frotac-inrhiced  degradation  of  AR-GFP.  Cells  were 
plated  at  a  fteSsity  of  i}3  x  10 *  cetfc/m!  and  treated  with  W  p'M  epoxomidn  (Caltnciefcem)  or 
DMSO  for  ^  ICbefore  MhSng  Protae  (25  tM}  for  60  min.  (I))  Western  Mot  swtatysh  was 
performed  ,v>ith Setts  in  96-weJl  dishes  treated  with  Protac  (25  (M),  PMSO  (left),  epsYwreticm 
(10  (iiilft  ^fesemitin  (.10  pM)  4-  Froiac  (50  of  25  ftM),  or  Protac  atone  (50  fir  25  jdtf) 
(Sefwsckloth  tt  ot ,  2004),  (See  totor  teat) 
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quires  mitotic  entry,  we  anticipated  that  this 
screen  would  identify  compounds  that  stabi¬ 
lized  cyclin  B  indirectly  by  blocking  mitotic 
entry  as  well  as  compounds  that  directly 
inhibited  the  cyclin  proteolysis  machinery. 
To  monitor  APC/C  activation,  we  fused  the 
destruction-box  domain  of  Xenopus  cyclin  B1 
to  luciferase  (3)  and  found  that  the  reporter 
protein  was  degraded  in  mitotic  but  not  inter¬ 
phase  extracts  (fig.  SI).  Proteolysis  was  sen¬ 
sitive  to  inhibitors  of  cyclin-dependent  kinases 
and  the  ubiquitin-proteasome  system  but  not 
affected  by  inhibitors  of  DNA  replication  or 
spindle  assembly,  as  expected  in  egg  extracts 
lacking  exogenous  nuclei  (4,  5)  (fig.  S2). 

We  developed  a  miniaturized  assay  system 
(6)  and  screened  109,113  compounds  to 
identify  22  inhibitors  (Table  1).  To  distinguish 
compounds  that  blocked  mitotic  entry  from 
direct  inhibitors  of  proteolysis,  we  arrested 
extracts  in  mitosis  before  addition  of  the 
compound  and  the  reporter  protein.  Sixteen 
compounds  lost  inhibitory  activity  under  these 
conditions  (class  I,  fig.  S3),  whereas  six 
compounds  (class  II,  fig.  S4)  remained  inhib¬ 
itory.  We  next  activated  proteolysis  directly  in 
interphase  extracts  by  adding  the  APC/C 
activator  Cdhl  (Cdc20  homolog  1)  (7).  Again 
we  found  that  only  class  II  compounds  re- 


Ubistatins  Inhibit  Proteasome- 
Dependent  Degradation  by 
Binding  the  Ubiquitin  Chain 
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To  identify  previously  unknown  small  molecules  that  inhibit  cetl  cycle  machin¬ 
ery,  we  performed  a  chemical  genetic  screen  in  Xenopus  extracts.  One  class  of 
inhibitors,  termed  ubistatins,  blocked  cell  cycle  progression  by  inhibiting  cyclin 
B  proteolysis  and  inhibited  degradation  of  ubiquitinated  Sicl  by  purified  pro- 
teasomes.  Ubistatins  blocked  the  binding  of  ubiquitinated  substrates  to  the 
proteasome  by  targeting  the  ubiquitin-ubiquitin  interface  of  Lys48-linked  chains. 

The  same  interface  is  recognized  by  ubiquitin-chain  receptors  of  the  pro¬ 
teasome,  indicating  that  ubistatins  act  by  disrupting  a  critical  protein-protein 
interaction  in  the  ubiquitin-proteasome  system. 

Unbiased  chemical  genetic  screens  can  iden-  cules  that  stabilize  cyclin  B  in  Xenopus  cell 
tify  small  molecules  that  target  unknown  pro-  cycle  extracts.  Cyclin  B  degradation  regu- 
teins  or  act  through  unexpected  mechanisms  lates  exit  from  mitosis  and  requires  activa- 
(1).  To  identify  previously  unknown  compo-  tion  of  an  E3  ubiquitin  ligase  called  the 
nents  or  potential  drug  targets  required  for  anaphase-promoting  complex/cyclosome 
cell  division,  we  screened  for  small  mole-  (APC/C)  (2).  Because  APC/C  activation  re- 
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C92  (Ubistatin  A) 


OH  O 


Fig-  1.  Class  I1B  compounds  inhibit  degradation  and  deubiquitination  of 
UbSicI  by  purified  26S  proteasomes.  (A)  Purified  26S  proteasomes  were 
preincubated  in  the  presence  or  absence  of  test  compounds.  UbSicI  was 
then  added  and  assayed  for  degradation  by  immunoblotting  for  Sicl  (3). 
Py  mock  refers  to  pyridine  in  which  C23  was  dissolved.  (B)  Purified  26S 


proteasomes  were  preincubated  with  100  pM  epoxomicin  in  the  pres¬ 
ence  or  absence  of  100  pM  test  compound.  UbSicI  was  then  added  and 
deubiquitination  monitored  by  immunoblotting  for  Sicl  (3).  (C) 
Titration  of  C92  in  deubiquitination  assay.  (D)  Structures  of  C92  and 
C59  (ubistatins  A  and  B). 
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tained  inhibitory  activity.  We  concluded  that 
class  I  compounds  blocked  entry  into  mitosis 
or  APC/C  activation,  whereas  class  II  com¬ 
pounds  directly  blocked  components  of  the 
cyclin  degradation  machinery.  We  next  exam¬ 
ined  whether  the  inhibitors  could  block  turn¬ 
over  of  a  p-catenin  reporter  protein  (8),  a 
substrate  of  the  SJCPl/cullin/F-box  protein 
(SCFP'TRCI>,  where  P-TRCP  is  p-transduction 
repeat-containing  protein)  ubiquitin  ligase 
(Table  1).  Three  class  II  compounds  (class 
IIB)  were  inhibitory,  suggesting  these  com¬ 
pounds  inhibited  a  protein  required  for  the 
degradation  of  both  APC/C  and  SCFp'TKtp 
substrates.  Class  IIB  compounds  did  not  block 
cyclin  B  ubiquitination  or  20S  peptidase 
activity  (.9),  indicating  they  did  not  inhibit  El 
or  act  as  conventional  proteasome  inhibitors. 

To  understand  how  class  IIB  compounds 
inhibited  proteolysis,  we  turned  to  a  recon¬ 
stituted  system  using  purified  26S  proteasomes 
and  ubiquitinated  Sicl  (UbSicl)  (JO).  Degra¬ 
dation  of  Sicl  requires  its  ubiquitination  by  the 
ligase  SCFCdc4  (11,  12),  after  which  UbSicl  is 
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docked  to  the  19S  regulatory  particle  by  a 
multi-Ub  chain  receptor  (13).  Proteolysis  of 
UbSicl  requires  removal  of  the  multi-Ub 
chain,  catalyzed  by  the  metalloisopeptidase 
Rpnll  (14,  15).  The  deubiquitinated  substrate 


is  concomitantly  translocated  into  the  20S  core 
particle,  where  it  is  degraded.  Two  class  IIB 
molecules,  C92  and  C59  (Fig.  ID),  strongly 
inhibited  UbSicl  turnover  in  the  reconstituted 
system  (Fig.  1A).  To  address  whether  these 


Table  1.  Characterization  of  compounds  in  Xenopus  extract  assays.  Results  are  reported  as  percent 
inhibition  (percent  stimulation).  Compounds  (200  pM,  except  CIO  and  C92,  tested  at  100  pM)  and 
cyclin-luciferase  (cyc-luc)  were  added  to  interphase  extracts  and  then  induced  to  enter  mitosis  by 
addition  of  nondegradable  cyclin  B,  or  extracts  were  pretreated  with  nondegradabte  cyclin  B  to  allow 
entry  into  mitosis  before  addition  of  test  compound  and  cyc-luc.  Cdhl  was  added  to  interphase  extracts 
before  addition  of  compound  and  cyc-luc.  Interphase  extracts  were  treated  with  recombinant  axin  to 
induce  turnover  of  p-catenin-luciferase.  Parentheses  indicate  those  values  where  stimulation,  rather  than 
inhibition,  was  observed  by  addition  of  compound  to  the  reaction. 
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Addition  before 
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after  mitotic 
entry 
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100 
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Fig.  2.  C92  inhibits  binding  of  UbSicl  to  26S  proteasomes  and  muiti-Ub-chain 
receptors  by  binding  to  K48-linked  multi-Ub  chains.  (A)  Purified  26S 
proteasomes  immobilized  on  anti-Flag  beads  were  incubated  with  UbSicl  in 
the  presence  or  absence  of  C92  as  described  in  (3).  Beads  were  then  washed 
and  analyzed  by  immunoblotting  for  Sicl.  (B)  Recombinant  Gst-RpnIO  and  Gst- 
Rad23  were  immobilized  on  glutathione  sepharose  beads  and  then  incubated 
with  UbSicl  in  the  presence  or  absence  of  C92  and  analyzed  as  in  (A).  (C) 
Equivalent  amounts  of  Gst,  Gst-fusion  protein,  or  multi-Ub  chains  were 
incubated  with  C92  or  Cl  and  analyzed  by  native  gel  electrophoresis  (28). 
(D)  C92  and  C59  interact  specifically  with  K48-linked  Ub  on  native  gels.  Ub  (16 
pM),  K48-linked  di-Ub  (8  pM),  or  tetra-Ub  chains  (8  pM)  were  preincubated 
with  a  twofold  molar  excess  (mono-Ub  and  di-Ub)  or  equivalent  amounts 
(tetra-Ub)  of  test  compounds  before  being  resolved  on  native  gels  as  in  (C). 
Tetra  K29Ub,  K48Ub,  and  K63Ub  refer  to  tetraubiquitin  chains  with  ubiquitin 
linked  via  K29,  K48,  or  K63.  MW  refers  to  molecular  weight  standards. 
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compounds  acted  upstream  or  downstream  of 
Rpnl  1  isopeptidase,  we  treated  proteasomes 
with  the  20S  inhibitor  epoxomicin,  which 
results  in  Rpn  1 1 -dependent  substrate  de- 
ubiquitination  (14,  16)  and  accumulation  of 
deubiquitinated  Sicl  within  the  20S  chamber 
(13).  This  reaction  was  completely  blocked 
by  C92  (Fig.  1 B),  with  a  median  inhibitory 
concentration  (IC50)  of  about  400  nM  (Fig. 
1C).  C59,  which  is  structurally  related  to  C92. 
also  inhibited  deubiquitination  of  UbSicl  (IC5(1  = 
1  gM),  whereas  C23  inhibited  marginally 
(fig.  S5).  Thus  C92  and  C59  potently 
blocked  proteolysis  at  or  upstream  of  the 
essential  isopeptidase-dependent  step. 

Selective  recognition  of  the  multi-Ub  chain 
by  the  26S  proteasome  is  the  first  step  in 
UbSicl  degradation  (13).  C92  strongly  inhi¬ 
bited  binding  of  UbSicl  to  purified  26S  pro¬ 
teasomes  (Fig.  2A),  suggesting  that  it  inhibited 
UbSicl  turnover  by  blocking  the  first  step  in 
the  degradation  process.  The  multi-Ub  chain 
receptors  Rad23  and  Rpn  10  serve  a  redundant 
role  in  targeting  UbSicl  to  the  proteasome  and 


sustaining  its  degradation  (13).  In  the  absence 
of  the  Ub-binding  activities  of  RpnlO  and 
Rad23,  UbSicl  is  not  recruited,  deubiquiti¬ 
nated,  or  degraded  by  purified  26S  protea¬ 
somes.  We  thus  tested  whether  C92  could 
interfere  with  binding  of  UbSicl  to  recombi¬ 
nant  RpnlO  and  Rad23.  C92  abolished  bind¬ 
ing  of  UbSicl  to  both  proteins  (Fig.  2B),  even 
though  these  receptors  use  distinct  domains 
[the  Ub-intcraction  motif  (UIM)  and  the  Ub- 
associated  (UBA)  domain,  respectively]  to 
bind  ubiquitin  chains  (17).  C 59  also  abrogated 
binding  of  UbSicl  to  RpnlO.  whereas  other 
compounds  were  without  effect  (fig.  S5). 

To  distinguish  whether  C92  inhibited  pro¬ 
teolysis  by  binding  to  proteasome  receptor 
proteins  or  to  the  Ub  chain  on  Sicl,  we  ex¬ 
ploited  the  negative  charge  of  C92  to  deter¬ 
mine  whether  compound  binding  induced  a 
mobility  shift  of  the  target  proteins  upon 
fractionation  on  a  native  polyacrylamide 
gel.  C92  was  preincubated  with  recombinant 
RpnlO,  Rad23,  or  a  mixture  of  Ub  chains 
containing  two  to  seven  Ub  molecules.  The 


mobility  of  the  multi-Ub  chains,  but  not  Gst- 
RpnlO  or  Gst-Rad23,  was  altered  by  incuba¬ 
tion  with  C92,  suggesting  that  C92  bound  Ub 
chains  (Fig.  2C).  Ubiquitin  molecules  can  be 
linked  to  each  other  in  vivo  through  different 
internal  lysines,  including  K29,  K48,  and 
K63  (18).  The  K48-linked  chain  is  the 
principal  targeting  signal  in  proteolysis, 
whereas  K63-linked  chains  are  implicated 
in  enzyme  regulation  (19).  Whereas  C92  and 
C59  efficiently  shifted  the  native  gel  mobil¬ 
ity  of  K48-linked  ubiquitin  chains,  they  had 
little  or  no  effect  on  K29-  or  K63-linked 
chains  (Fig.  2D).  Because  C92  and  C59  bind 
to  ubiquitin  chains  and  block  interactions 
with  proteasome-associated  receptors  with¬ 
out  affecting  26S  assembly  or  peptidase 
activity  (fig.  S6),  we  refer  to  these  com¬ 
pounds  as  ubistatin  A  and  B,  respectively. 

We  next  tested  the  ability  of  ubistatins  to 
block  proteolysis  of  ornithine  decarboxylase 
(ODC),  whose  degradation  does  not  require 
ubiquitin  (20).  Whereas  a  30-fold  molar  ex¬ 
cess  of  ubistatin  A  over  the  substrate  strongly 
inhibited  UbSicl  degradation  by  purified 
yeast  proteasomes  (Fig.  1A),  a  100-fold  molar 
excess  of  ubistatin  A  over  the  substrate  had 
no  effect  on  degradation  of  radiolabeled 
ODC  by  purified  rat  proteasomes  (fig.  S7). 
Ubistatin  B  marginally  inhibited  ODC  turn¬ 
over  at  this  concentration  (12%).  In  contrast, 
a  20-fold  molar  excess  of  cold  ODC  inhibited 
degradation  of  labeled  ODC  by  43%  under 
the  same  conditions.  These  data  indicate  that 
ubistatins  at  low  concentrations  preferentially 
inhibit  the  degradation  of  ubiquitin-dependent 
substrates.  Inhibition  of  ODC  turnover  by 
high  concentrations  of  ubistatins,  especially 
ubistatin  B  (fig.  S7),  may  reflect  either 
nonspecific  activity  or  specific  inhibition  of 
a  targeting  mechanism  shared  by  ubiquitin- 
dependent  and  ubiquitin-independent  sub¬ 
strates  of  the  proteasome  (20). 

On  the  basis  of  the  selectivity  of  ubi¬ 
statin  A  for  binding  K48-linked  chains  and 
inhibiting  the  ubiquitin-dependent  turnover 
of  Sicl  but  not  the  ubiquitin-independent 
turnover  of  ODC,  we  tested  the  effect  of 
ubistatin  A  on  protein  degradation  within 
intact  mammalian  cells.  Because  the  neg¬ 
ative  charge  on  ubistatin  A  precluded  ef¬ 
ficient  membrane  permeation,  we  introduced 
the  compound  into  cells  by  microinjection 
and  monitored  degradation  of  an  androgen 
receptor-green  fluorescent  protein  (AR-GFP) 
fusion  protein  by  fluorescence  microscopy. 
Microinjection  of  a  synthetic  compound  (protac, 
proteolysis-targeting  chimeric  molecule),  which 
recruits  AR-GFP  to  SCFP‘TRCP,  induces  rapid 
proteasome-dependent  turnover  of  AR-GFP 
(21).  Microinjection  of  100  nM  ubistatin  A 
into  mammalian  cells  inhibited  the  Protac- 
induced  degradation  of  AR-GFP  as  effi¬ 
ciently  as  100  nM  epoxomicin  (fig.  S8), 
demonstrating  that  ubistatin  A  is  an  effective 


Fig.  3.  Ubistatin  A 
binding  to  K48-linked 
di-Ub  induces  site- 
specific  perturbations 
in  NMR  spectra  for 
both  Ub  domains.  (A) 
Backbone  NH  chem¬ 
ical  shift  perturbation, 
A8,  and  percent  signal 
attenuation  caused  by 
ubistatin  A  binding  as 
a  function  of  residue 
number  for  the  distal 
(left)  and  the  proxi¬ 
mal  (right)  domains. 
Ub  units  are  called 
"distal"  and  “proxi¬ 
mal"  to  reflect  their 
location  in  the  chain 
relative  to  the  free  C 
terminus.  The  dia¬ 
gram  (top)  depicts 
the  location  of  the 
G76-K48  isopeptide 
bond  between  the 
two  Ub  domains.  As¬ 
terisks  indicate  res¬ 
idues  that  showed 
significant  signal  at¬ 
tenuation  that  could 
not  be  accurately 
quantified  because  of 
signal  overlap.  (B) 
Mapping  of  the  per¬ 
turbed  sites  on  the 
surface  of  di-Ub.  The 
distal  and  proximal 
domains  are  shown 
in  surface  representa¬ 
tion  and  colored  blue 
and  green,  respec¬ 
tively;  the  perturbed 
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sites  on  these  domains  are  colored  yellow  and  red  and  correspond  to  residues  with  A5  >  0.075 
parts  per  million  and/or  signal  attenuation  greater  than  50%.  Numbers  indicate  surface  location  of 
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(proximal). 
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inhibitor  of  ubiquitin-dependent  degradation 
in  multiple  experimental  settings. 

The  specificity  of  ubistatin  A  for  K48- 
linked  ubiquitin  chains  suggested  that  it  might 
bind  at  the  Ub-Ub  interface,  which  is  well 
defined  in  K48-linked  chains  but  is  not  present 
in  K63-linked  di-ubiquitin  (Ub2)  (22).  We 
performed  nuclear  magnetic  resonance 
(NMR)  titration  studies  of  K48-linked  Ub2 
by  using  a  segmental  labeling  strategy  (23). 
Well-defined  site-specific  perturbations  were 
observed  in  the  resonances  of  the  backbone 
amides  of  both  Ub  units  in  Ub2  (Fig.  3), 
indicating  that  the  hydrophobic  patch  residues 
L8,  144,  V70  (24),  and  neighboring  sites 
(including  basic  residues  K6,  K1 1,  R42,  1168, 
and  R72)  experienced  alterations  in  their 
molecular  environment  upon  binding  of  ubis¬ 
tatin  A.  The  same  hydrophobic  patch  is 
involved  in  the  formation  of  the  interdomain 
interface  in  Ub2  (23,  25)  and  mediates  the 
binding  of  ubiquitin  to  multiple  proteins 
containing  CUE  (coupling  of  ubiquitin  con¬ 
jugation  to  ER  degradation),  UBA,  and  UIM 
domains  (17).  At  the  high  concentrations  of 
compound  used  in  the  NMR  titration  experi¬ 
ments,  ubistatin  A  induced  a  similar  pattern  of 
chemical  shift  perturbations  in  monomeric 
ubiquitin,  suggesting  that  the  effect  of  ubi¬ 
statin  A  on  Ub2  arises  from  its  direct  binding 
to  the  hydrophobic  patch  and  the  basic  res¬ 
idues  around  it.  The  same  sites  are  perturbed 
when  ubistatin  A  binds  tetra-Ub  chains  (26). 

Although  there  is  intense  interest  in  devel¬ 
oping  drugs  for  defined  molecular  targets,  it  is 
often  difficult  to  know  a  priori  which  proteins 
can  be  most  effectively  targeted  with  small 
molecules.  Our  study  demonstrates  that  chem¬ 
ical  genetic  screens  in  complex  biochemical 
systems  such  as  Xenopus  extracts  can  identify 
small-molecule  inhibitors  that  act  through 
unexpected  mechanisms.  Although  target  iden¬ 
tification  remains  challenging,  our  work  high¬ 
lights  the  value  of  reconstituted  biochemical 
systems  to  illuminate  the  mechanism  of  action 
of  inhibitors  discovered  in  unbiased  screens. 
The  recent  approval  of  the  20S  proteasome 
inhibitor  Velcade  (Millenium  Pharmaceuticals, 
Cambridge,  MA)  for  treatment  of  relapsed 
multiple  myeloma  (27)  has  suggested  that  the 
ubiquitin-proteasome  system  is  an  attractive 
target  for  cancer  drug  development.  The  iden¬ 
tification  of  ubistatins  indicates  that  the  ubiq¬ 
uitin  chain  itself  provides  another  potential 
opportunity  for  pharmacological  intervention 
in  this  important  pathway. 
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Co-translational  modification  of  proteins  in 
the  endoplasmic  reticulum  by  N-glycosylation 
facilitates  their  folding  and  is  essential  in 
single-cell  eukaryotes.  Metazoans  have  addi¬ 
tional  Golgi  enzymes  that  trim  and  remodel 
the  N-glycans,  producing  complex-type  N- 
glycans  on  glycoproteins  destined  for  the 
cell  surface.  Mammalian  development  re¬ 
quires  complex-type  N-glycans  containing 
N-acetyllactosamine  antennae,  because  their 
complete  absence  in  Mgatl -deficient  em- 
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bryos  is  lethal  (1,  2).  Deficiencies  in  N- 
acetylglucosaminyltransferase  II  and  V  (Mgat2 
and  Mgat5)  acting  downstream  of  Mgatl 
reduce  the  content  of  N-acetyllactosamine, 
and  mutations  in  these  loci  result  in  viable 
mice  with  a  number  of  tissue  defects  (3,  4).  N- 
glycan  processing  generates  ligands  for  vari¬ 
ous  mammalian  lectins,  but  the  consequences 
of  these  interactions  are  poorly  understood. 
The  galectin  family  of  N-acetyllactosamine- 
binding  lectins  has  been  implicated  in  cell 


Regulation  of  Cytokine  Receptors 
by  Golgi  N-Glycan  Processing 
and  Endocytosis 

Emily  A.  Partridge,1'3  Christine  Le  Roy,1  Gianni  M.  Di  Guglielmo,1 
Judy  Pawling,1  Pam  Cheung,1,2  Maria  Granovsky,1'2  Ivan  R.  Nabi,4 
Jeffrey  L.  Wrana,1,2  James  W.  Dennis1,2,3* 

The  Golgi  enzyme  pi, 6  N-acetylglucosaminyltransferase  V  (Mgat5)  is  up- 
regulated  in  carcinomas  and  promotes  the  substitution  of  N-glycan  with  poly 
N-acetyllactosamine,  the  preferred  ligand  for  galectin-3  (Gal-3).  Here,  we 
report  that  expression  of  Mgat5  sensitized  mouse  cells  to  multiple  cytokines. 
Gal-3  cross-linked  Mgat5-modified  N-glycans  on  epidermal  growth  factor  and 
transforming  growth  factor-p  receptors  at  the  cell  surface  and  delayed  their 
removal  by  constitutive  endocytosis.  Mgat5  expression  in  mammary 
carcinoma  was  rate  limiting  for  cytokine  signaling  and  consequently  for 
epithelial-mesenchymal  transition,  cell  motility,  and  tumor  metastasis.  Mgat5 
also  promoted  cytokine-mediated  leukocyte  signaling,  phagocytosis,  and 
extravasation  in  vivo.  Thus,  conditional  regulation  of  N-glycan  processing 
drives  synchronous  modification  of  cytokine  receptors,  which  balances  their 
surface  retention  against  loss  via  endocytosis. 
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7/99-  6/2000 

1/2000 

1/99-12/02 

8/01-7/03 
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Caltech)  and  Craig  Crews  (Co-P.I.,  Yale  University). 
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7/1/03-6/30/04  Susan  G.  Komen  Breast  Cancer  Thesis  Dissertation  Award,”  $20,000.  K. 
Sakamoto,  R.  J.  Deshaies  (P.I.) 
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7/04-7/05  Department  of  Defense,  “Identification  of  small  non-peptidic  ligands  that  bind 
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Therapy  in  Prostate  Cancer”  ($60,000),  K.  Sakamoto  and  R. 


Deshaies  (Co-P.I.). 
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Ph.D.,  K.  Sakamoto  (P.I.) 

7/05  Stone  Research  Award  ($1 ,000)  award  to  undergraduate  student  Winston  Wu, 

K.  Sakamoto  (P.I.) 

7/05-6/07  Department  of  Defense  postdoctoral  fellowship  ‘Targeting  the  Androgen  Receptor 
for  Ubiquitination  and  Degradation:  A  New  Strategy  for  Therapy  in  Prostate  Cancer.” 
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1994-1995 
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Kathy  Hwain  Shin,  undergraduate  student,  Work/study  and  Lab  Assistant 

Robert  C.  Mignacca,  M.D.,  postdoctoral  fellow 

Stephen  Phillips,  undergraduate  student,  Student  Research  Project 
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1995-1999 
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2001- 2002 
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2002-2003 

2002-2003 


2003-present 

2003 

2003 

2004 

2005 
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[54]  Chimeric  Molecules  to  Target  Proteins  for 

Ubiquitlnation  and  Degradation 

*'  '  ‘ 

By  Kathieen  M.  Sakamoto 


Abstract  v  / 

Protein  degradation  isorie  of  the  tactics  used  by  the  cell  for  irreversibly 
inactivating  proteiiis.Jn  eukaryotes,  ATP-dcpendent  protein  degradation 
in  the  cytoplasm  and  nucleus  is  carried  out  by  the  26S  proteasome.  Most 
proteins  are  large fedr6  the  26S  proteasome  by  covalent  attachment  of  a 
rauliiubiquifin  chain.  A  key  component  of  the  enzyme  cascade  that  results 
in  attachment  kg.  the  multiubiquitin  chain  to  the  target  or  labile  protein 
is  the  ubiquttnvligase  that  controls  the  specificity  of  the  ubiquitinaiion 
reaction.  Defects  in  ubiquitin-dependeni  proteolysis  have  been  shown  to 
result  in  a’Variety  of  human  diseases,  including  cancer,  neurodegenerative 
diseases^  aiv  i  metabolic  disorders. 

The  SCF  (Skpl-Cullin-F-box-Hrtl )  complex  is  a  heteromeric  ubiquitrn 
ligase  that  multiubiquhinates  proteins  important  for  signal  transduction 
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and  cel!  cycle  progression.  A  technology'  was  developed  known  as  Protac 
(Proteolysis  Targeting  Chimeric  Molecule)  that  acts  as  a  bridge,  bringing 
logether  the  SCF  ubiquitin  iigase  with  a  protein  target,  resulting  in  its 
ubiquitination  and  degradation.  The  Protac  contains  an  SCF-bincling 
peptide  moiety  at  one  end  that  is  recognized  by  SCF  that  is  chemically 
linked  to  the  binding  partner  or  ligand  of  the  target  protein.  The  first 
demonstration  of  the  efficacy  of  Protac  technology  was  the  successful 
recruitment,  ubiquitination,  and  degradation  of  the  protein  methionine 
antinopeptidase-2  (MetAP-2)  through  a  covalent  interaction  between 
MetAP-2  and  Protac.  Subsequently,  we  demonstrated  that  Protacs  could 
effectively  ubiquitinate  and  degrade  cancer-promoting  proteins  (estrogen 
and  androgen  receptors)  through  noncovalent  interactions  ^  vitro  and  in 
cells.  Finally,  cell-permeable  Protacs  can  also  promote  the  degradation  of 
proteins  in  cells.  In  this  chapter,  I  describe  experiments  to  test  the  ability 
of  Protacs  to  target  proteins  in  vitro  and  in  cells,.; 

Introduction 

* 

Ubiquitin-depcndent  proteolysis  is  a  rhaJ6r  pathway  that  regulates 
intracellular  protein  levels.  Posttranslational  modification  of  proteins  by 
E3  ubiquitin  ligases  results  in  mnlflubiquitin  chain  formation  and 
subsequent  degradation  by  the  26S  proteasome  (Ciechanover  er  al.,  2000; 
Deshaies,  1999;  Sakamoto,  2002),  One  potential  approach  to  treating  hu¬ 
man  disease  is  to  recruit  a  disease-related  protein  to  an  E3  Iigase  for 
ubiquitination  and  subsequent  degradation.  To  this  end,  a  technology 
known  as  Protacs  (Froteolysfe  Targeting  Chimeric  Molecules)  was  devel¬ 
oped.  The  goal  of  Protac  therapy  is  to  create  a  "bridging  molecule"  that 
could  link  together  a  disease -related  protein  to  an  E3  Iigase.  Protacs  consist 
of  one  moiety  (e.g.,  a  peptide},  which  is  recognized  by  the  E3  Iigase.  This 
moiety  or  peptide  is  ,ibclr*fchemically  linked  to  a  binding  partner  of  the 
target.  The  idea  is  tbarProtacs  would  bring  the  target  to  the  E3  Iigase  in 
close  enough  proxtmif$  for  multiubiquitin  attachment,  which  would  then 
be  recognized  by‘4jied26S  proteasome  (Fig.  1).  The  advantage  of  this 
approach  is  thatit  is  catalytic  and  theoretically  can  be  used  to  recruit  any 
protein,  even  thpsgdhat  exist  in  a  multisubunit  complex. 

Several  applications  for  Protac  therapy  are  possible.  In  cancer,  the 
predoimnAf  approach  to  treating  patients  is  chemotherapy  and  radiation. 
Both  of  fhe^fonns  of  therapy'  result  in  complications  because  of  effects 
cm  normal  pells.  Therefore,  development  of  therapeutic  approaches  to 
specifically target  cancer-causing  proteins  without  affecting  normal  cells 
is  desirable. 
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Protac 


Fig.  I .  PTolac't  targets  MetAP-2  to  SCF.  Protac-J  ii  a  tbtmrric  molecule  thai  consists  of  a 
phosphopeptide  tnoiety  and  a  small  molecule  moiety  tliat  interacts  with  the  protein  target 
(Sakamoto  ft  at,  2001)  (See  color  insert  }  -  .  5 


.  '*  v. 

To  test  the  efficacy  of  Protacs  in  vitro  and  in  vivo,  several  components 
are  essential.  First,  a  functional  E3  ligase  is  necessary,  either  in  purified 
form  or  isolated  from  cell  extracts:  Additional  components  of  ublquitina- 
tion  reaction,  including  ATP,  El,  E2,  and  ubiquitin,  are  also  required. 
Second,  a  small  peptide  or  molecule  recognized  by  the  E3  ligase  must  be 
identified.  Finally,  a  target  withawe  ll-ch aract erized  binding  partner  must 
be  selected  that  will  be  chemically  linked  to  the  peptide.  Finally,  successful 
application  of  Protacs  technology  depends  on  the  ability  of  the  Protac  to 
enter  cells  to  target  the^grotein  .for  ubiquitinaiion  and  degradation.  For 
clinical  application,  therapeutic  drug  concentrations  are  usually  considered 
to  be  in  the  nanomtda^range. 

In  addition  to  the  use  of  Protacs  for  the  treatment  of  human  disease, 
these  moleculesprovide  a  chemical  genetic  approach  to  “knocking  down” 
proteins  to  study  their  function  (Schneekloth  ct  aL ,  2004).  The  advantages 
of  Protacs  aqj'thaFthey  are  specific  and  do  not  require  transfections  or 
transduction,  Protacs  can  be  directly  applied  to  cells  or  injected  into  ani¬ 
mals  without  Jjie  use  of  vectors.  Given  the  increased  number  of  E3  ligases 
identified  the  Human  Genome  Project,  the  possibilities  for  different 
combination^  of  Protacs  that  link  specific  targets  to  different  ligases  are 
unlimited.  This  chapter  describes  general  strategies  of  testing  the  efficacy  of 
Protacs  using  two  E3  ligases  as  an  example:  SCF**TRa’  and  Von  Hippel 
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Lindau  (VHL)  complexes  (Ivan  el  at 2(501;  Kaelin.  2002).  Three  different 
targets  will  be  described,  methionine  aminopeptidase-2  (MetAP-2),  estro¬ 
gen  receptor  (ER),  and  androgen  receptor  (AR).  We  will  provide  an 
overview  of  binding  assays,  transfections,  immunoprccipitations,  and  obi- 
quitination  and  degradation  assays  of  the  proteins  targeted  to  ttbiquitin 
ligases  by  Protacs. 


Strategies  to  Assess  the  Efficacy  of  Protacs  In  Vitro 


As  proof  of  concept,  we  generated  a  Protac  molecule  that  targets  the 
protein  MetAP-2  for  ubiquitination  and  degradation.  MetAP-2  cleaves  the 
N-terminal  methionine  from  nascent  polypeptides  and  is  one  of  the  targets  of 
angiogenesis  inhibitors  fumagillin  and  ovation  (Griffith  «  at.,  1997;  £01  it 

4§f?r?1998;  Sin  el  at.,  1997).  Ovaltcin  covalently.bmds  to  MetAP-2  at  the 
His-231  active  site.  Inhibition  of  MetAP-2  is  thought  to  block  endothelial 
cell  proliferation  by  causing  Gl  arrest  (Yeh  et  at,  2000).  MetAP-2  is  a 
stable  protein  that  has  not  been  demonstrated  to  be  ubiquitinated  or  an 
endogenous  substrate  of  SCF/KrRCP.  For  these  reasons,  Met-AP2  was 
chosen  to  be  the  initial  target  to  test  ProtacsT-' 

The  heteromeric  ubiquilin  ligase,  SCJE^'trct  (Skpl-Cullin-Fbox-Hrtl), 
was  selected  because  the  F-box  protdrPjfcTRCP/E3RS  was  previously 
shown  to  bind  to  I«Ba  (inhibitor  "of  NFkBo)  through  a  minimal  phos- 
phopeptide  sequence,  DRHDS»GLDS*M  (phosphoserines  indicated  by 
asterisks)  (Ben-Neriah,  2002;  Katraand  Ben-Neriah.  2000).  This  10-amino 
acid  phosphopeptide  was  linked  |o  ovation  to  form  the  Protac  (Protac- 1)  as 
previously  described  (Sakamoto  e/al..  2001). 


MetAP-2- Protac  Coupling'Assay 

MetAP-2  (9  pM)  w|s  incubated  with  increasing  concentrations  of  Protac- 
I  for 45  mm  at  room  temperature  (Fig.  2).  Reactions  were  supplemented  with 
SDS  loading  dye,  fraeftbnated  on  an  SDS/10%  polyacrylamide  gel,  trans¬ 
ferred  onto  a  nitrocellulose  membrane,  and  immunobloited  with  rabbit 
polyclonal  anti|Met&P-2  antisera  (Zymed,  Inc.).  Detection  was  performed 
using  enhanced'-chemiluminescencc  (Amersham.  Inc.). 

Tissue  CufiSr*;, 

293T,oelis  were  cultured  in  DMEM  with  10%  (vol/vol)  FBS  (Gibco, 
Inc.),  penSoflin  (100  units/ml),  streptomydn  (100  mg/rol),  and  L-glutamine 
(2  mM).  Cells  were  split  15  before  the  day  of  transfection  and  transiently 
transfected  with  40  pg  of  plasmid.  Cells  were  60%  confluent  in  100-mm 
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Fio.  2,  MetAP-2  binds  Frotsc  specifically  and  in  a  conccntratjan  -dcpcndent  manner.  (A) 
MetAF  2  (9  pA/}  was  incubated  with  increasing  cojrccntratioas  of  Frotac-3  at  room 
temperature  for  45  nrin.  The  last  two  lanes  depict  MetAP-2  that  was  incubated  with  either 
free  IxBn  phosphopeptide  ilPP;  50  pAf)  or  free  ovahem  (OVA;  55  pM),  as  indicated.  After 
incubation,  samples  were  supplemented  with  SDS  PAGE  loatdtDg  dye,  fractionated  by  SDS- 
PAGE,  and  immunoblotted  with  MctAP-2  antiserum.  (B)  Same  ■£  (AX  except  MetAP-2  (9  tiM) 
plus  ProtacT  (30  jiAf)  were  supplemented  with  either  J«Bo ^phosphopeptide  (50  p.M)  or 
ovation  (50  pM)  as  indicated.  Protac  binding  to  MetAP-2  was  inhibited  by  addition  of 
ovalicin.  but  not  phosphopeptide  (B)  (Sakamoto  el  ail,  2001 J 


f  4  * 

dishes  on  Ihe  day  of  transfection.  DNA{20  jug  ofpFLAG-CULl  afjd  20> 
of  pFLAG-/3-TRCP)  was  added.  Ceils  were  transfected  using 
phosphate  precipitation  as  previously  described  (Lyapina  tX  al„  1998).  SI 
were  harvested  30  h  after  transfection.  Five  micrograms  of  pGL-1,  a 
plasmid  containing  the  cytomegalovirus  (CMV)  promoter  Indeed  to  the 
green  fluorescent  protein  (GFP)  .cDNA,  was  cotransfected  into  cells 
to  determine  transfection  efficiency.  In  all  experiments,  greater  than  80% 
of  the  cells  were  GFP-ppative  at  the  time  of  harvest,  indicating  high 
transfection  efficiency, 

Jmmunopreciphationsond  Ubiquitinafion  Assays 


293T  cells  werdlys&d  with  200  ptl  of.  lysis  buffer  (25  m M  Tris-Cl,  pH 
75/150  mM  NaCl&LSg  Triton  X-100/5  mM  NaF/0.05  m M  EGTA/l  mAf 
PMSF).  Pellctywere  lysed  by  vortexing  for  10  sec  in  a  4®  cold  room,  then 
placed  on  icefarj5:min.  After  centrifugation  at  1 3,000  rpm  in  a  Microfuge 
for  5  min  at  3%the  supernatant  was  added  to  20  pi  of  FLAG  M2  affinity 
beads  (SigfS£jrand  incubated  for  2  h  rotating  at  4®.  Beads  were  spun  down 
at  13,000 rpm  find  washed  with  buffer  A  (25  mM  Hepes  buffer,  pH  7.4/0.01% 
Triton  X^1(K$15Q  mMNaO)  and  one  wash  with  buffer  B  {the  same  as  buffer 
A  but  without  Triton  X-100).  Four  microfiters  of  MetAP*2  (18  pM)  stock, 
4  pd  of  Protac-l  (100  pM),  05  #4  of  0.1  pig/pd  purified  mouse  El  (Boston 
Biochem),  1  <4  of  05  pg/pd  human  Cdc34  E2  (Boston  Biochem).  and  I  pd  of 
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25  m M  ATP  were  added  to  20  pi  (packed  volume)  of  FLAG  beads 
immunopredpitated  with  SCF.  Reactions  were  incubated  for  1  h  at  30°  in 
a  Thermomixer  (Eppendorf)  with  constant  mixing.  SDS-PAGE  loading 
buffer  was  added  to  terminate  reactions,  which  were  then  evaluated  by 
Western  blot  analysis  as  previously  described  (Sakamoto  et  al.,  2001)  (Fig. 
3).  Our  results  demonstrated  that  MeiAP-2  bound  to  Protac  could  be 
ubiquitinated  in  vitro  in  the  presence  of  SCF.  These  methods  can  be 
generalized  to  other  ubiquitin  ligases  provided  that  a  small  roolec 
peptide  ligand  exists  to  enable  the  synthesis  of  a  suitable  Protwj  and 
expression  vectors  that  contain  tagged  versions  of  the  protein  or  subunits 
are  available.  Alternative  tags  (e.g.,  myc  or  HA)  have  jbeen  used,  and  the 
resin  can  be  cross-linked  with  an  antibody,  which  .earf' then  be  used  to 
immunoprecipitate  the  E3  ligasc  from  mammalian  ,<foUs.  Both  the  ER  and 
AR  are  members  of  the  steroid  hormone  receptor  superfamily  whose 
interactions  with  ligand  (estr^jgl  and  testosterone,  respectively)  have 
been  well  characterized  (Fig JT.  ine  ER  has  been  implicated  in  the 
progression  of  breast  cancer  (Howell  et  u/,,.^003).  Similarly,  hormone- 
dependent  prostate  cancer  cells  grow  in  Response  to  androgens  (Debes 
et  al.,  2002).  Therefore,  both  ER  and  AR-afc  logical  targets  for  can¬ 
cer  therapy.  To  target  ER  for  ubiquitmation  and  degradation,  a  Protac 
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Fjg.  3.  Protac^ibedfetes  MelAP-2  ubiqnhirurtion  by  SCF-  (A)  tlbiquMratian  of  the 
46-fcDa  fragmeni  ^^tclAPL  MeiAP-2-Protac-l  imxtme  was  added  to  either  control  (mock) 
or  SCF*w^cSK  (4-)  supplemented  with  ATP  phis  purified  El,  £2  (Cdc34),  and  ubiqttitm. 
UbeHSc  <SOOj3j>was  abo  toted  as  E2  in  the  reactioe.  which  resulted  in  die  same  degree  ot 
ubiqmtinatkm  akobserved  with  Cdc34  (data  not  shown).  Reaq^^jf^in^feaed  for  I  b  at  30*. 
and  were  evaluated  by  SDS-PAGE  foBcwed  by  Western  Hoamw  BitWdetAF-2  antiserum. 
(B)  llb^uitinatk*  of  full-length  {67  kDs)  MetAP-2-  Same  *f  (A),  extej*  that  the  67-kDa 
preparation  of  MetAP-2 was  used, Bid  El, E2,  phs  ubiquitin  were  either  added  at  norma!  (1  x)  or 
twofold  higher  (2*  )  lev  eh,  as  indicated  (Sakamoto  ef  a/-  2001). 
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Flag  C’ul-1V/?-TRCF  +  + 
Protac  +  - 
Estradiol  -  + 
IrBor  phospho peptide  -  + 
Ubiquhin  +  + 


/-'x, 

F;c>.  i.  Piotac-2  activates  ubiquitir.atioc  of  ER  iMjniro/Vun&tdi  ER  was  mcubsicd  with 
recombinant  El,  E2.  ATF.  ubiquitin.  and  immobilized  $GF;MVU'r  isolated  from  animal  celts 
by  virtue  of  Flag  lags  on  cotransfected  Cull  and  yj-TRCP.  Reactions  were  supplemented 
with  the  indicated  concentration  of  Prntac  2,  mciibaicd  for  60  n  at  30*.  and  monitored  by 
SDSPAOE  followed  bv  immunehkHling  with -an  anti-ER  antibody  (Sakamoto  el  el.,  2tXJ3). 

rs 

(Protac-2)  was  synthesized,  containing  the  IrcBa  phosphopeptide  linked  to 

estradiol  (the  ligand  for  ER)  , (Sakamoto  et  a!.,  2003). 

/  f 

Determination  of  Protein  Degradation  of  Ubiquitinaied  Proteins  In  Vitro 

The  success  of  Proves  depends  not  only  on  efficient  ubiquitmation  of 
the  proposed  target  ^uyalso  degradation  of  that  target  in  cells.  Several 
approaches  can  be  usedfi?oth  in  vitro  and  in  vivo  to  demonstrate  that  the 
target  is  being  dc-stroydd.  First,  demonstration  of  degradation  in  vitro  can 
be  performed  with^punfied  26S  proteasome.  For  these  experiments,  wc 
used  purified  Vhastj  proteasomes  as  previously  described  (Venna  et  aLr 
2000, 2002). 

Ubtquitinatiqn  assays  were  first  performed  with  the  immunoprecipi- 
lated  E3  ligS^eTpurified  target,  El,  E2,  ATP,  and  ubiquitin  with  Protac. 
Purified  yfeast‘26S  proteasomes  (40  jui  of  O-Smg/mi)  were  added  to  ubiqui- 
tinateth  protein  (e  g.,  ER)  on  beads.  The  reaction  was  supplemented  with 
6  pi  of  T"m M  ATP,  2  pi  of  0 2  M  magnesium  acetate,  and  ubiquitin 
aldehyde  (5  fxM  final  concentration).  The  reaction  was  incubated  for  10 
min  at  30s  with  the  occasional  mixing  in  the  Thermomixer  (Eppendorf).  To 


( 


840  generally  applicable  technologies  (54| 


verify  ihat  degradation  is  due  to  proteasomcs  and  not  other  proteases, 
purified  26S  proteasoroes  were  preincubated  for  45  min  at  306  with  1  mmf 
of  1,  10  phenanthroline  (Sigma)  (a  metal  chelator  and  inhibitor  of  the 
RPN1J  deubiquitinating  enzyme  in  the  26S  proteasome)  (Fig,  5). 

4 

Strategies  to  Assess  the  Efficacy  of  Protacs  In  Vux>  / 

Ginical  application  of  Protacs  is  dependent  on  successful  iibtquUination 
and  degradation  of  the  protein  target  by  endogenous  ubiquitin  Hgases  and 
proteasomes  within  cells.  There  are  several  approaches  to  test  the  efficacy  of 
Protacs  using  cell  extracts  or  application  directly  to  rails.  Depending  on  the 
polarity  of  the  Protae,  efficiency'  of  internalization  in  rails  is  variable.  If 
Protacs  arc  hydrophilic,  such  as  the  case  with  the, Protae- 1  that  contains 
the  IkBo  phosphopeptjde,  extracts  or  microinjecticms  are  possible  ap¬ 
proaches.  For  cell-permeable  Protacs,  it  is  be  possible  to  directly  bath  apply 
Protacs  to  cells.  ^ 


r 

Degradation  Experiments  with  Xe  nopus  Extracts 

Extracts  from  unfertilized  Xenopus  laevis  eggs  were  prepared  on  the  day 
of  the  experiment  as  previously  described  (Murray,  1991).  MetAP-2  (4  p\  of 
9  pM)  was  incubated  with  Protae- 1.(50  pM)  at  room  temperature  for  45 
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F».  5.  UbKjtitriBated  £R  is  (degraded  by  the  26S  proteasome.  (A)  Ubiquilination 
reactions  performed  as  described  in  the  legend  to  Fig.  SA  were  supplemented  with  purified 
yeas  26S  pttgeSfctnes.  Within  10  win,  complete  degradation  of  ER  was  observed.  (&) 
Purified  26$  priiteasoroc  preparations  were  preineubated  in  140  phenanthro&se  (1  mM)  tw  1,7 
pbttoan Ihrotuse  ( 1  mM)  before  addition.  The  metal  chelator  1,10  pheaamhrotme  inhibits  the 
Rpnl  I -associated  deabiqmboating  activity  that  is  required  for  substrate  degradation  by  the 
proteasome.  Degradation  of  ER  was  partially  inhibited  by  addition  of  1  JO  pbeaanthroiine,  but 
not  the  inactive  derivative  1,7  pheoanthrolrnc  (Sakamoto  «  af  . 2003). 
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min.  The  Me t  A P - 2 -Protac- 1  mixture  was  added  to  10  pi  of  extract  in 
addition  to  excess  ovalidn  (10  pM  final  concentration).  The  excess  of 
ovafirin  was  added  to  saturate  any  free  Met  AP-2  in  the  reaction.  Additional 
components  in  the  reaction  included  consiitutively  active  IKK  (IKK  EE: 
0.4  pg)  and  okadaic  acid  (10  pM  final  concentration)  to  maintain  pbos- 
phoryl3tion  of  the  IkBo  peptide  moiety  of  Protac.  To  test  for  specificity 
of  protcasomal  degradation,  various  proteasome  inhibitors  were  used, 
including  Is'-acetyl-lcu-leu-norleucina!  (LLnU  SO  pM  final)  or  epoxomidn 
(10  pM  final).  Protease  inhibitors  chymotrypsin.  pepstatini  and  leupeptin 
cocktail  (15  /eg/ml  final  concentration)  were  also  added  to  the  extracts. 
Reactions  were  incubated  for  time  points  up  to  30  min  at  room  temperature 
l*«_cs«_ij  and  terminated  by  adding  50  pi  of  SDS  loading  buffer.  Samples  were  then 
evaluated  by  Western  blot  analysis  using  Met  AP-2  antiserum  (Fig.  6). 

M kroinjrcnon  as  a  Method  to  Study  Effects  of  Protacs  on  Ubiquitmalian 
and  Degradation  of  Target  Protein#  - 


Protacs  that  contain  a  phosphopeptide  do  not  enter  cells  efficiently. 
Various  protein  transduction  domains,  lipid-based  transfection  reagents,  and 
electroporation  gralher  transient  transfegion  methods  can  be  tested.  How- 
-~^>ever,  to «SSTrotacs  enter^fis^microinjcctions  were  performed. 
For  these  experiments,  Protac-3  (hcBcr)  phosphopeptjde-tcstosterone  was 
synthesized  to  target  the  AR  (Sakamoto  ct  at.,  2003).  As  a  readout  of  pro¬ 
tein  degradation,  293  cells  stably  expressing  AR-GFP  were  selected  using 
G418  (600  pg/mi).  Before  microinjecfions.  cells  were  approximately  60% 
confluent  in  6-cm  dishes. 


MerAP-2-Pratac- 1  +  OVA 


0  02  10  15  30  30  30  30  30 


Fig.  6.  MctA^2J>mLat  but  not  free  MelAP-2  is  degraded  in  Xenopus  extracts. 
The  Met AP  JrProtac-T  mixture  or  MctAP-2  alone  was  added  to  Xenopus  egg.  extract 
fortified  wihrpvaBcin  (OVA;  100  1KK-EE  (0.4  *ig),  and  oiadaic  add  (10  pM)  Where 
indicated,  reactions  were  either  deprived  of  TKK-EE  er  okadaic  arid  (OA)  dr  were  further 
supplemented  with  50  pM  LLnL  or  10  pM  epoxormrin  (Epcat).  Reactions  were  incubated  for 
the  indicated  time  points  at  roots  temperature,  terminated  by  adding  SDS-PAGF.  loading 
dye,  and  evaluated  by  SDS-PAGE  followed  by  Western  blotting  with  anti-MetAP'2  antiserum 
(Sakamoto  ft  of,.  2003), 
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Prolac-3  diluted  in  a  KC1  solution  {10  ft M  final)  with  rhodamine  dex- 
tran  (molecular  mass  10.000  Da;  SO  ftg/m])  was  injected  into  cells  through  a 
microcapillary  needle  using  a  pressurized  injection  system  (Picospritzer  II; 
Genera]  Valve  Corporation).  Coinjection  with  rhodamine  dextran  is  criti¬ 
cal  to  ensure  that  decrease  in  AR-GFP  is  not  due  to  leakage  of  protein 
from  cells  after  microinjection  The  injected  volume  was  0.2  ply  represent¬ 
ing  5-10%  of  the  cell  volume.  GFP  and  rhodamine  fluorescence  can  be 
visualized  with  a  fluorescent  microscope  (Zeiss)  and  photographs  taken 
with  an  attached  camera  (Nikon).  Within  1  h  after  microinjection,  disap¬ 
pearance-  of  AR-GFP  is  visible  (Fig.  7),  Cells  should  remain  rhodamine 

v,t  / 


A 


B 


Degree  of  AR-GFP  Percent 

Disappearance  (om  of  >200  cells) 


1.  NONE  4 

2  MINIMAL  16 

3.  PARTIAL  29 

4.  COMPLETE  51 

Fig,  7.  Micrainjectitjp  of  Protac  leads  to  AR-GFP  degradation  in  cells.  Protac-3  { 10  fiM  in 
the  TOCTorrrjertion  jpeedtefwas  introduced  using  a  Picospritzer  U  presjmizrd  rracromjectcjr 
into  293AR  r3rr  cells  in  a  Solution  containing  KCJ  {200  uM)  and  rhodamine  dextran  (SO  pg/ml). 
Approximately  JOTfcyjf  total  cell  volume  was  injected.  (A)  Protae-3  induces  AR-GFP 
disappearance  vwfan  60  min.  The  top  panels  show  cel!  morphology  under  light  microscopy 
overlaid  with'ihta^A  of  cells  injected  with  Protar  as  indicated  by  rhodamine  fluorescence 
(pink  color)-. Tbrfcr  bottom  panels  show  images  of  GFP  fluorescence.  By  1  h.  GFP  signal 
disappeared  iriTflmost  at)  mkxoinjectcd  cells.  To  quantify  these  results,  we  injected  more  than 
200  celfe'andclassified  the  degree  of  GFP  disappearance  as  being  either  none  (1),  minimal  (2), 
partial  (3),  or  complete  {4).  Examples  from  each  category  and  the  tabulated  results  are  shown 
in  (B).  These  results  were  reproducible  in  three  independent  experiments  performed  on 
separate  days  with  30-50  cells  injected  per  day  (Sakamoto  «  at,  2C03).  (See  color  insert.) 
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positive  provided  that  injection  has  not  caused  lysis  of  cells  or  leakage  of 
AR-GFP  from  cells.  Greater  than  200  cells  per  experiment  (in  three 
separate  experiments)  provide  data  demonstrating  that  Protacs  induces 
degradation  of  the  target.  AR-GFP  disappearance  can  then  be  quantitated 
by  categorizing  the  intensity  of  GRP  signal  as  indicative  of  complete 
disappearance,  partial  disappearance,  minimal  disappearance,  or  no  disap¬ 
pearance.  To  verify  that  the  disappearance  of  AR-GFP  from  cells  is  pro- 
teasome  dependent,  cells  were  pretreated  with  protcasome  inhibitor 
epoxomicin  (10  pM  final)  for  5  h  before  microinjections  or  were  coinjected 
with  epoxomicin  (10  psM).  '  » T 

Methods  to  Test  a  Ctdl-Permeabk  Protac  /!  ; . 

Reagents  capable  of  redirecting  the  substrate  specificity  of  the  ubiqtu- 
tin-proteasome  pathway  in  protein  degradation'  would  be  useful  experi¬ 
mental  tools  for  modulating  cellular  phenotype  and  potentially  acting  as 
drugs  to  eliminate  disease-promoting  proteins.  To  use  Protacs  to  remove  a 
gene  product  at  the  posttranslational  level, 4  cell-permeable  reagent  would 
be  necessary.  A  HIFla-DHT  Protac  was  developed  for  this  purpose.  Given 
the  lack  of  small  molecule  E3  ligase  ligands,  the  seven  amino  add  sequence 
ALAPYJP  from  hypoxia-inducible  factory4!  a  (HIFlo)  was  chosen  for 
the  E3  recognition  domain  of  Protac-4  (Schneekloth  et  at.,  2004).  This 
sequence  has  been  demonstrated  to  be  the  minimum  recognition  domain 
for  the  von  Hippel-Lindau  tumor  suppressor  protein  (VHL)  (Hon  et  a!.. 


Fig.  8.  Chemical  Structure  of  HEF-DHT  Protac  {Sctmeektolh  et  at.,  2004). 
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FiG.  9.  HIF-DHI,  rtotR  mediates  AR-GFP  degradation  in  a  pcateasome-depcrKfen; 
manner.  293**"°  j  eeftfi05  x  KP  ccUs/ro!)  were  plated  at  50%  confluence  in  a  volume  of 
200  (A  of  media  ima  Sfritdl  dish.  (A  and  B)  Protac  induces  AR-GFP  disappearance  within 
60  min.  Protac  ina^|0$-,  50- .  or  25-piM  coocemratko  or  DMSO  control  in  a  volume  of  0.6  jd 
was  added.  CnCs-wdre  vhniateed  under  light  (top)  or  fluorescent  (bottom)  microscopy  1 
b  after  tTrstrrKm^Pbofograpte  were  taken  with  a  SOS  type  12, 35-mtn  camera  attached  to  an 
Olympus  fluorescent  inverted  microscope.  (B)  AR-GFP  protein  is  decreased  in  eefls  treated 
with  Prolat  Lysates  were  prepared  from  parental  ceEs  (293  par)  or  AR-GFP  ctpressing  tells 
treated  with  Frotac  (+FT).  DMSO,  or  no  treatment  (None)  for  60  min-  Western  Wot  analysis 
was  performed  with  rabbit  polyckmal  anti-AR  antisera  (1:1000;  UBI)  or  ^-tubulin  (1200; 
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2002;  Kaelin,  2002).  VHL  is  pari  of  the  VBC-CuI2  E3  ubiquitin  iigase 
complex.  Under  normoxic  conditions,  a  proline  hydroxylase  catalyzes  the 
hydroxvlation  of  HlFla  at  the  (Epstein  et  al,  2003)  central  proline  in  the 
A!  APYIP  sequence.  This  modification  results  in  recognition  and  polyubt- 
quitination  by  VHL.  HIFla  is  constilutively  ubiquitinated  and  degraded 
under  normoxic  conditions  (Kaelin,  2002).  In  addition,  a  poly-Yuarginine 
tag  derived  from  HIV  tat  was  added  to  the  carboxy  terminus  oft  lie  peptide 
sequence  to  confer  cell  permeability  and  prevent  nonspecific  proteolysis 
(Kirschberg  el  al,  2003;  Wender  el  at,  2000)  (Fig.  8).  This  Protac 
should  then  enter  the  cell,  be  recognized  and  hydroxylated  by  a  prolyl 
hydroxylase,  and  subsequently1  be  bound  by  both  the  VHL  £3  ligase  and 
the  target,  AR. 

The  293  cells  stably  expressing  AR-GFP  were  used’ to  study  the  effects 
of  HIFlo-DHT  Protac  on  AR  degradation.  For  tbes'd  experiments,  greater 
than  95%  of  cells  expressed  AR-GFP.  On  the^diy  before  experiments, 
cells  were  plated  in  96-well  plates  with  200  pi  of  media  at  60%  confluence, 
Protac  was  dissolved  in  DMSO  and  was  added  to  cells  at  concen¬ 


trations  ranging  between  10  /xM-lOO  piM.  The  presence  or  absence  of 
GFP  expression  after  Protac  treatment  wasK-deterrnined  by  fluorescent 
microscopy,  A  time  course  was  performed,  but  for  HIF1  <r-DHT  Protac. 
the  effects  were  observed  within  2  Ji.  To/ assess  protcasomc-dependcnt 
degradation,  cells  were  pretreated  jwth  epoxomicin  (10  uM  final  concen¬ 
tration)  for  4  h  before  adding  Protac.  Western  blot  analysis  was  performed 
to  determine  levels  of  AR-GFP  (Fig.  9). 

To  measure  the  protein  leypht^bf  AR-GFP  after  Protac  treatment, 
the  cells  were  harvested,  washed  with  PBS  once,  then  pelleted  at 
1500  rpm.  Cells  were  lysechwitbboiling  SDS  loading  buffer  (30  pi),  then 
boiled  for  5  min.  Lysatesfw^re'subjectcd  to  8%  polyacrylamide  gel  elec¬ 
trophoresis,  and  the  prqleiSs  were  transferred  to  nitrocellulose  membrane. 
Western  blot  analysis. *a$  performed  with  anti  androgen  receptor  (1:1000) 
and  anti-beta  tubuhn(i-,200)  antisera.  Detection  was  determined  using 
chcmiluminescenc|L\ 


Santa  Cruz).  (I 
plated  at  a  deft 
DMSO  tor** 
performed  with 
(10  fiM),  tpex 


3  Jsporoirecm  inhibits  Protac- induced  degradation  of  AR-GFP.  Cells  were 
Ly  ot  03  x  10*  celh/ml  and  treated  with  10  pM  epoxonikrn  (Calbrachem)  or 
before  adding  Protac  (25  pM)  for  60  mi  a.  (D)  Western  blot  analysis  was 
cells  in  96-wett  dishes  treated  with  Protac  (25  pAf),  DMSO  (left),  epnxwtricm 
mkan  (10  pM)  -f-  Protac  (50  or  25  uM\.  or  Protac  alone  (5©  or  25  pM) 


(Schneckloth  et  al..  2004).  (See  color  insert.) 
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